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PREFSfrETTO SECOND EDITION 

SiM'E the appearance of the first edition of this book many ne\v results 
have been obtained and many ideas have changed. This made it im- 
possible to reprint the book in its original form. On the other hand it 
did not seem wise to attempt to rewrite the book at the present moment 
when so many of the fundamental problems are just being investigated. 
On the suggestion of the Delegates of the Press 1 have taken the middle 
course and made just a few changes where the scientific development 
made it necessary and left substantial parts of the book unaltered. 

It is a pleasure to acknowledge many suggestions and criticisms from 
various colleagues. In particular I am indebted to Dr. N. Arley and 
Professor (I. Jiernardini. I hope to receive more Comments and criticism 
to this edition. 

L. J. 
Dublin, 1948 



PREFACE TO FIRST EDITION 

> 

THIS book was 'written in an attempt to present a critical and at the 
same time a more or less complete survey of the complex subject of 
cosmic rays. I have dealt with both experimental and theoretical aspects 
and though I have gone into considerable detail I have tried to avoid 
intricacies. As an example, the classical and semi-classical theories of 
collisions are discussed in Chapter JJI, while the exact quantum treat- 
ment of the problem, with its complicated mathematical details, is 
omitted. In Chapter II I have given an account of experimental 
methods leaving out purely technical detail. This presentation, it is 
hoped, will be of use especially to the research worker. 

Chapters I-IV give a general background of our knowledge of cosmic - 
ray phenomena ; the later chapters are accounts of more specialized 
subjects : meson decay, cascade theory, geomagnetic effects, and meson 
formation. 

The greater part of this book was written during the last years of the 
war. Cosmic-ray research was greatly slowed down during this period 
and so it became possible to survey the whole of the subject without 
getting utterly out of date. Nevertheless it was impossible to make all 
chapters equally up to date, and certain inconsistencies have crept into 
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the presentation due to changes of view during the process of writing. 
I am asking the reader's indulgence on this point and also on occasional 
incompleteness caused by the difficulty of obtaining up-to-date litera- 
ture. 

I shall highly appreciate criticism and comments, particularly con- 
cerning details, and hope to make use of them at a later date. 

Apart from the difficulties of collecting up-to-date material, I found 
it also impossible to acquire expert knowledge on all of the very different 
branches of cosmic-ray theory and experiment. It is a great pleasure 
to acknowledge the help I received to overcome some of these difficulties. 

I owe a debt of gratitude to the late Professor E. J. Williams for 
elucidating in detail the impact-parameter method and for clarifying 
many obscure points. 

I am indebted to Professor P. M. S. Blackett and to Drs. J. G. Wilson 
and G. D. Rochester for many comments and suggestions. In particular 
the section on cloud-chamber technique is largely due to Dr. Wilson. 
Further I arn indebted to Drs. Powell and Occhialini for contributing 
to Appendix III. 

The photographs in Plates 1-6 are reproduced from original 
photographic prints, for the loan of which I have much pleasure in 
thanking Professors Anderson, Auger, Blackett,.Johnson, and Williams, 
and also Drs. Daudin, Hazen, Rochester, Wilson, Powell, and 
Occhialini. I am also indebted to authors and editors for permission 
to reproduce a large number of figures. 

I want to express my gratitude to the late Professor Sir Ralph Fowler 
and to Professor N. F. Mott for the trouble they have taken to improve 
the manuscript. Finally, I am greatly indebted to the Clarendon Prass 
for the excellent execution and the great trouble they have taken 
with a difficult manuscript. 

L. J. 
Dublin, 1947 
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I 

HISTORICAL INTRODUCTION 

A. DISCOVERY ov COSMIC RADIATION 

1 . THE ground was prepared for the discovery of cosmic radiation by 
the investigations of electrical conductivity of gases. C. T. R. Wilson 
(1900, 1) and Elster and Geitel (1900) independently observed that an 
electroscope in a vessel at earth potential gradually lost its charge even 
if very carefully insulated. It was shown that the loss of charge was due 
to gaseous ions. 

An ion current can only be maintained if the ions, which are swept 
away by the electric field, are constantly replaced by new ones. The 
assumption that the ions are produced by some internal mechanism as, 
for example, by thermal agitation, was rejected as improbable, and it 
was concluded that the ionization must be due to some outside agency 
such as X-rays or y-rays. 

C. T. R. Wilson (1900) tentatively suggested that the ionizing agency 
might be an extremely penetrating radiation of extra-terrestrial origin. 
Observations made to test this hypothesis proved at that time inconclu- 
sive, and the hypothesis of the extra-terrestrial origin, though now and 
then discussed (e.g. Richardson (1906)), was dropped for the following 
ten years. 

2. Later investigations showed that the ionization in a closed vessel 
is due to a 'penetrating radiation' which emanates partly from the walls 
of the vessel and partly from outside. That part of the radiation comes 
from outside was established by Rutherford and Cook (1903) and by 
McLennan and Burton (1903) by showing that the rate of ionization 
in a closed vessel decreases when the vessel is surrounded by a sufficiently 
thick layer of material. 

3. A large number of investigations on the conductivity of gases and 
its cause followed. Wulf (1909) and Gockel (1909), as a result of the 
analysis of their own results and those of others, came to the conclusion 
that the whole of the penetrating radiation can be accounted for in 
terms of the y-rays emitted by the radioactive substances present near 
the surface of the earth. 

This conclusion was not accepted by Pacini (1912), who observed 
simultaneous variations of the rate of ionization on mountains, over a 
lake, and over the sea. Pacini concluded that a certain part of the 
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ionization must be due to sources other than the radioactivity of the 
earth or the air. 

The observations of Simpson and Wright (1911) showed a considerable 
rate of ionization over the sea. This also could not be accounted for by 
radioactivity, as sea -water contains only a negligible amoimt of radio- 
active contamination. It was also noticed that the ionization in a closed 
vessel changed with the barometric pressure. 

4. In spite of these difficulties physicists were reluctant to give up 
the hypothesis of a terrestrial origin of the penetrating radiation. Wulf 
(1910) measured the rate of ionization on the top of the Eiffel Tower in 
Paris (300 m. above ground). He expected to find at the top of the 
tower a much smaller ionization than on the ground, because of the 
absorption in air of the y-rays emanating from the ground. The rate 
of ionization showed, however, too small a decrease to confirm the 
hypothesis of a terrestrial origin. 

Similarly Gockel (1910, 11), ascending in a balloon up to 4,000 m. 
above sea -level, found that the ionization did not decrease with height 
as expected on the hypothesis of a terrestrial origin. (Jockel's results 
were somewhat uncertain as he used an ionization vessel in which the 
pressure varied with the outside pressure and no correction was made 
for this factor. 

5. The extra-terrestrial origin of at least part of the radiation causing 
the observed ionization was established during the next few years. In 
a number of balloon flights up to 5,000 m. above sea-level Hess (1912, 13) 
succeeded in showing that the ionization, after passing through a mini- 
mum, increases considerably with height. Hess concluded that the 
increase of the ionization with height must be due to a radiation coming 
from above, and he thought that this radiation was of extra-terrestrial 
origin. 

The results of Hess were later confirmed by Kolhorster (1914-19) in 
a number of flights up to 9,200 m. above sea-level. An increase of the 
ionization up to ten times that at sea -level was found. The absorption 
coefficient of the radiation was estimated to be 10~ 5 per cm. of air at 
N.T.P. This value caused great surprise as it was eight times smaller 
than the absorption coefficient of air for the most penetrating y-rays 
known at the time. 

The ionization-height curve was extrapolated from the heights where 
the ionization was certainly caused by cosmic radiation alone down to 
sea-level. It was estimated that the cosmic rays coming from above 
were responsible for the production of 1 to 2 ion pairs per c.c. per sec. 
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of the ionization near the ground, while most of the ionization, which 
amounted to 6 to 10 ion pairs per c.c. per sec., had to be attributed to 
the radioactivity of the ground. The ionization over the sea is mainly 
due to cosmic rays. 

After the publication of the first results by Hess and Kolhorster a 
violent controversy as to the existence of an extra-terrestrial radiation 
or cosmic radiation resulted, in which Millikan and his co-workers (1 923, 
4), Hoffmann (1925), Behounek (1926) took part. The original results 
were, however, maintained by Hess (1926) to be correct; they were fully 
confirmed somewhat later and the existence of cosmic radiation has been 
fully accepted since about 1926. 

B. THE PENETRATING POWER OF COSMIC RAYS 
Absorption in Lead 

6. The large penetrating power of cosmic ray?; is the feature which 
distinguished cosmic rays from other kinds of radiation known at the 
time of their discovery. Therefore many investigators concentrated on 
measuring the absorption coefficient of cosmic radiation in attempts to 
confirm the evidence obtained from the height-altitude measurements. 

Observations of this kind carried out by Hoffmann (1925) and also 
by Behounek (1926) did not seem at first to support the assumption 
of the existence of a radiation more penetrating than y-rays. These 
observations were carried out witli ionization chambers shielded with 
absorbers of lead. The rate of ionization in the chamber was measured 
as a function of the thickness of lead surrounding the chamber; and the 
decrease of ionization obtained for the first 10 cm. was found to be of 
the same order as expected for y-rays. 

The reason why these observations did not at first reveal the existence 
of cosmic rays was discovered later. Firstly, the lead absorption curve 
of cosmic rays is strongly influenced by the air-lead transition effect. 
Owing to secondary effects the rate of ionization under lead is less than 
that under an equivalent amount of air, and therefore the total cosmic 
ray intensity drops sharply when a recorder is shielded with an absorber 
a few centimetres thick. This sharp drop was confused with the ab- 
sorption of the radioactive rays from the surroundings. 

Secondly, the cosmic radiation hardens while passing through ab- 
sorbers. Therefore the radiation after having penetrated 10 cm. of lead 
is much less weakened by further absorbers than one is led to expect 
from the absorption in air. The small rate of absorption under absorbers 
exceeding 10 cm. of lead was at first overlooked, and the ionization 
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observed under more than 10 cm. of lead was taken to be due to the 
residual ionization of the chamber. 

The absorption of cosmic rays in lead was observed by Hoffmann 
(1926, 7), a year after the unsuccessful experiments described. It was 
also observed by Steinke (1927, 8), by Myssowsky and Tuwim (1928), 
and later by many others. 

The complicated transition effects taking place between air and a 
dense absorber and also between two absorbers of different atomic 
number were discovered by Hoffmann (1926). More detailed measure- 
ments were carried out later by Steinke (1927) and Schindler (1931). 

KolhOrster (1923) determined the absorption coefficient of cosmic 
radiation in the ice of a glacier on the Jungfrau Joch. Myssowsky and 
Tuwim (1925) observed the absorption under the water of Lake Onega 
near Leningrad. Millikan and Cameron (1928, 31) measured the change 
in the intensity of the radiation in mountain lakes down to depths of 
18m. 

All these determinations gave an absorption coefficient between 1 and 
3 X 10~ 3 cm. 2 per gram. These values were thus in good agreement with 
the original value derived from the height-ionization data. 

Barometer Effect 

7. Myssowsky and Tuwim (1928) found that the cosmic-ray intensity 
varies with atmospheric pressure. This effect was interpreted as being 
due to the absorption of cosmic rays in air. It was shown that the order 
of magnitude of the effect can be accounted for by assuming an absorp- 
tion coefficient of the same order as found by other experiments. It was 
pointed out by Myssowsky and Tuwim that the barometer effect was 
probably first observed by Simpson and Wright (1911) before the .dis- 
co very of cosmic rays. No interpretation of the effect could be given 
at the time. 

The barometer effect was later studied by many observers; a summary 
of the early literature is given by Corlin (1934). 

Directional Distribution 

8 . Information about the absorption of cosmic rays in air was obtained 
indirectly by measuring the directional distribution of the cosmic-ray 
intensity. It was found that the cosmic-ray intensity is larger in the 
vertical direction than in inclined directions. Observations of this kind 
were first reported by Gockel (1915) and were later confirmed by many 
other authors. Quantitative measurements of the directional distribu- 
tion were carried out later with counters. The experiments of Medicus 
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(1932), Bernardini (1932), and those of Johnson (1933 a) showed that 
the intensity in inclined directions is nearly proportional to cos 2 #, where 
& is the angle of inclination to the vertical. 

The observed directional distribution can be accounted for at least 
qualitatively on the assumption that inclined rays have to pass through 
larger amounts of air to reach sea -level than rays coming down vertically. 
This interpretation of the directional distribution, first suggested by 
Myssowsky and Tuwim (1926), has to be somewhat modified, as will be 
seen in 47. 

Absorption under Ground 

9. The rate of ionization was also measured under ground in mines 
and under great thicknesses of water. The original object of many of 
these measurements was to shield an ionization chamber completely 
from cosmic rays in order to determine the zero current of the chamber ; 
but these experiments turned out to be most interesting, as they led to 
the discovery of cosmic rays much more penetrating than the radiation 
above sea -level. The measurements of Regener (1930), Millikan and 
Cameron (1931), Corlin (1934), Kolhorster (1934), Barnothy and Forro 
(1 937-9), Nishina and Ishii (1937),Ehmert (1937), V. C.Wilson (1937-8), 
Clay and Gemert (1939), and others revealed the presence of cosmic 
rays at very great depths'. The more recent measurements were carried 
out with counters 'and not with ionization chambers. The greatest depth 
at which cosmic rays have been observed is about 1 ,400 m. water-equiva- 
lent and there is every reason to believe that cosmic rays penetrate to 
much greater depths. 

Spectrum 
Discrete components? 

10. Many attempts were made to express the radiation in terms of 
discrete components each having an exponential absorption. This pro- 
cedure proves to be most unsatisfactory owing to the large number of 
components required. In fact it was found that the absorption coefficient 
decreases continuously with depth. The absorption curve was decom- 
posed by Eckart (1934) into a continuous spectrum of exponential com- 
ponents; such a spectrum has, however, no physical significance as was 
realized later. 

Power spectrum 

11. A physically significant interpretation of the absorption curve 
was found later. Follet and Crawshaw (1936) measured the intensity 
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distribution under 60 m. of water-equivalent. They found that the 
directional-distribution obeys under ground a cosine-squared law similar 
to that found near sea-level ( 8). If the directional distribution is to 
be explained in terms of absorption, the intensity in a direction inclined 
at & to the vertical has to be assumed to be proportional to 

/(0sec#), (1) 

where 1(9') is the vertical intensity under an absorbing equivalent 9'. 
The observed cosine-squared distribution can thus be understood by 
assuming /(fl , } _ ,_ 2 (2) 

Follet and Crawshaw (1936) pointed out that the directional distribu- 
tion should remain the same at any depth, provided the absorption 
function is of the type 

1(0') ~ 0'~ s , (3) 

where the exponent z is independent of depth. 

Measurements of the absorption curve by Ehmert (1937) and others 
(compare 9) showed that the absorption curve can in fact be repre- 
sented by (3). The exponent z is smaller than two near sea-level and 
increases slightly with increasing depth. 

It was pointed out by Blackett (19376) and Clay, Gemert, and Clay 
(1938) that this absorption function can be understood in terms of an 
inhomogeneous radiation having a differential rang spectrum of the 

type 

*. (4) 



Comparing (4) with the spectrum of high-energy particles as found 
by Blackett ( 16) it is inferred that the range of the particles is roughly 
proportional to their energy, i.e. 

E~ W. 

C. THE NATURE OF COSMIC RAYS 

1. Charge and Energy 
'Ultra y -rays' 

12. In the period after the discovery of cosmic rays it was generally 
assumed that cosmic rays are very penetrating y-rays. This assumption 
appeared natural as y-rays were the most penetrating rays known. 

Later investigations revealed, however, that cosmic rays consist 
largely of charged particles. It was first shown that the radiation near 
sea-level consists of ionizing particles and somewhat later it was realized 
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that at least part of the primary rays themselves must be ionizing. 
These investigations will be described in the following paragraphs. 

At the time when the cosmic rays were assumed to be y-rays the name 
'ultra y-rays' was suggested. Later this was modified to 'ultra rays' 
(TJltrastrahlerT). This name can still be found in the literature. 

(a) Coincidence Experiment 

13. Bothe and Kolhorster (1929) observed that cosmic rays are 
capable of producing coincident discharges in two Geiger-Miiller counters 
placed close above each other. Such coincidences were interpreted as 
being due to the passage of single ionizing particles through both coun- 
ters. Et was concluded from the analysis of the experiments that the 
cosmic rays at sea-level consist mainly of ionizing particles. 

The experiments of Bothe and Kolhorster were extended by Rossi 
(1931 a) and others. It was eventually shown that the ionizing particles 
themselves constitute the penetrating part of the cosmic-ray beam and 
that these particles are not the secondaries of a more penetrating non- 
ionizing radiation. 

Rossi (1933, 4c) showed that single cosmic-ray particles are capable 
of penetrating I m. of lead. Compare also Street, Woodward, and 
Stevenson (1935). The energy loss due to ionization by a singly charged 
particle in I m. Pb is 1,000 MEV., therefore these experiments estab- 
lished the occurrence of particles with at least this energy. 

(b) Cloud Chamber 

14. Direct evidence for the existence of fast ionizing particles was 
obtained by Skobelzyn (1927) in the course of y-ray investigations with 
a cloiid chamber in a strong magnetic field. During an investigation in 
1927 he observed the track of a fast particle which was not noticeably 
deflected by the magnetic field. From the straightness of the track it 
was concluded that the particle must have possessed a momentum 
exceeding 20 M EV./c. This track must have been due to a cosmic ray 
passing through the chamber, although at the time it was believed that 
the track might be a 'run-away electron', that is, an electron accelerated 
in the field of a thunder cloud (C. T. R. Wilson, 1925). 

Two years later Skobelzyn (1929) found 32 straight tracks on 613 
photographs. Each of these tracks was due to a particle with momentum 
exceeding 15 MEV./c. These tracks were recognized as cosmic rays. It was 
shown that their rate was of the right order of magnitude to account for 
the rate of ionization of the total cosmic-ray beam. Some of Skobelzyn's 
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photographs had two or three simultaneous cosmic-ray tracks. These 
photographs are examples of cosmic-ray showers (cp. 18). 

(c) The Momentum Spectrum 

15. After Skobelzyn's discovery many cloud-chamber investigations 
into the properties of cosmic-ray particles were carried out. 

Cloud-chamber photographs of cosmic rays were taken in magnetic 
fields much stronger than that used by Skobelzyn. It was found that 
most of the cosmic-ray particles could be deflected. 

16. The first rough determination of the momentum spectrum was 
carried out by Kunze (1932, 3 a, b). A solenoid was used which gave 
a magnetic field of 18,000 gauss. About 90 particles were observed. 
Momenta up to 3,000 MEV./c were measured. 

More efficient magnets with iron cores were used by other observers. 
The momentum spectrum was determined by Anderson and Nedder- 
meyer (1934) up to 6,000 MEV./c and in great detail up to about 
20,000 MEV./c by Blackett and Erode (1936), Blackett (1937 a); in this 
latter investigation more than 800 tracks were measured. 

The low-momentum end of the spectrum was measured with a ran- 
domly operated chamber by Williams (1939 b). It was also measured by 
Hughes (1940), Wilson (1946), and by Jones (1939). 

Other measurements of the momentum spectrum were carried out by 
Herzog and Scherrer (1935) (at the Jungfrau Joch), 'Leprince-Ringuet, 
and Crussard (1937). | 

The measurements revealed the following features. The numbers of 
positively and negatively charged particles were roughly equal with a 
slight excess of positive particles. 

Apart from small irregularities the high-momentum part of the 'spec- 
trum obeyed a power law, namely the number of particles with 
momenta between p and p-\-dp is given by 



The average momentum of the particles was about 3,000 MEV./c. 

17. In the literature the result of curvature measurement is ofteri re- 
ferred to as an 'energy spectrum 5 . It must be pointed out, however, that 
the curvature of a particle in a magnetic field can only be used to deter - 

f The loss of momentum of cosmic -ray particles when traversing a metal plate placed 
in the chamber was also investigated. The difference of curvature of the track above 
and below the plate gives directly tho amount of momentum lost in the traversal. 
Measurements of this kind have been carried out by Anderson (1933 a), Anderson and 
Neddermeyer (1937), Crussard and Leprince-Ringuet (1937 a, 6), Blackett and Wilson 
(1937), J. G. Wilson (1938, 9), and by Ehrenfest (1938 a, 6). 
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mine the momentum of the particle. The energy can only be derived 
from the momentum if the rest-mass is known. For fast particles, that 
is, for particles with momentum p ^> me (where m is the rest-mass), the 
energy is nearly proportional to the momentum, that is 

cp ~ W. (5) 

In the high-velocity region it is therefore not essential to distinguish 
between energy and momentum. At the time when the spectrum was 
measured it was assumed that the particles were electrons and therefore 
the relation (5) seemed to be well satisfied for practically all particles. 
Later it was found that cosmic rays contain particles of different mass. 
Thus to find the exact value of the energy of a cosmic-ray particle it is 
necessary to know both curvature and mass. 

It seems therefore more suitable to interpret curvatures in terms of 
momentum as this interpretation is exact and independent of mass. 

2. Showers 
(a) Observations of Anderson and of Blackett and Occhialini 

18. Skobelzyn (1929) observed that cosmic rays occur in groups. 
Among twenty photographs containing cosmic-ray tracks Skobelzyn 
found three photographs containing two particles and one photograph 
containing three particles. 

Complex showers of particles were later found by many other obser- 
vers. Anderson (1933), Blackett and Occhialini (1933), Herzog and 
Scherrer (1935), Anderson and Neddermeyer (1936), Ehrenfest and 
Auger (1936), Stevenson and Street (1936), and many others. 

19. The cloud-chamber technique was greatly improved by Blackett 
anfl Occhialini (1932, 3) who succeeded in triggering the expansion of the 
chamber by a set of Geiger-Miiller counters whenever cosmic rays passed 
through the chamber. With this technique most of the photographs 
obtained show tracks of cosmic -ray particles. Besides, the counter- 
controlled chamber is suitable for selecting showers. 

Controlling the chamber by the coincidences of two Geiger counters, 
one above and one below the chamber, the following results were ob- 
tained. 

1. About 80 per cent, of the photographs contained single particles 
while the rest showed more or less complex showers. 

2. Both the single particles and the shower particles were found to 
contain positively and negatively charged particles in equal numbers. 

3. Shower particles were found to have a strong tendency to produce 
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secondary showers. This was shown clearly by placing a horizontal lead 
plate across the chamber; shower particles falling on the plate frequently 
give rise to secondary showers in the plate. 

4. Secondary showers were also observed emerging out of the bottom 
of the plate without an ionizing particle entering the plate from above. 
Such showers must be attributed to non-ionizing links contained in the 
showers. 

5. Some of the showers were found to contain heavily ionizing par- 
ticles moving in random directions. Such particles may be attributed to 
nuclear disintegrations. A clear case of a nuclear disintegration obtained 
by Blackett is shown in Plate 4. 

20. The above features of shower photographs were also found by 
many other workers. In particular all the above features can be found 
on photographs obtained by Anderson (1936) at Pike's Peak, 4,300m. 
above sea-level. Anderson used in his experiments a randomly operated 
chamber. Such a chamber is quite efficient at high altitudes owing to 
the large increase of the cosmic-ray intensity with height. 

Anderson also obtained direct evidence for non-ionizing links he 
obtained photographs showing the production of pairs of particles in 
the gas. As will be seen later, this process represents the production, of 
an electron pair in the gas of the chamber by a photon. 

(b) Rossi's Arrangement 

21 . The occurrence of showers of cosmic-ray particles was established 
independently of the cloud-chamber evidence by Rossi (1933). Rossi 
observed coincidences between three GM-counters placed in a triangle. 
The counters were so placed that no coincidence could be caused by a 
single particle. The coincidences were due to showers, that is, to groifps 
of simultaneous particles. 

Rossi found that the rate of coincidences in a triangular coincidence 
arrangement increases when a thin lead absorber is placed close above 
the counters. Varying the thickness of absorber above the counters it 
was found that the coincidence rate increases up to a thickness of about 
1-5 cm. of lead. For larger thicknesses of lead above the counters the 
coincidence rate decreases again and the rate reaches an almost constant 
value for thicknesses larger than 5-8 cm. of lead. 

This transition effect was observed later by many other observers, e.g. 
by Sawyer (1933-5), Fiinfer (1933), Gilbert (1934), Woodward (1936), 
Stearns (1936). 

The transition effect is known as the Rossi transition. 
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22. A number of observers have reported the occurrence of a second 
smaller maximum under a thickness of about 17 cm. of lead. Other 
observers have found no second maximum. The available experimental 
evidence is not in favour of the existence of a second maximum (see 
403, Oh. VI). 

(c) Bursts (Hoffmann Stosse) 

23. A phenomenon closely connected with showers was discovered by 
Hoffmann (1927) (cf. Hoffmann and Pforte, 1930); see also Hoffmann 
and Lindholm (1928). It was found that the ionization. current in an 
ionization chamber shows occasional discontinuities. These discon- 
tinuities were attributed by Hoffmann to the simultaneous passage of 
a large number of particles through the chamber. This phenomenon, 
called 'Stosse' or 'bursts', was investigated in great detail by many 
workers. 

Montgomery and Montgomery (1935 b) found that the size -frequency 
distribution of bursts follows a simple power law, and that this distribu- 
tion can be extrapolated smoothly to include the showers observed by 
coincidence methods. The connexion between showers and bursts was 
also demonstrated by Ehrenberg (1936). 

24. Bursts show transition effects similar to those of showers, except 
that the maxima are found at somewhat larger thicknesses than for 
showers observed with counter arrangements. Transition effects for 
bursts were obtained by Young and Street (1934-7), Nie (1936), Boggild 
(1937), Boggild and Karkov (1937), Carmichael and Chou (1939), Chou 
(1943). 

3. Hard and Soft Components 

25. Absorption measurements of the cosmic-ray intensity in lead 
showed that the intensity is reduced by about 30 per cent, in the first 
10 cm. of lead. Half of the beam capable of penetrating 10 cm. of lead 
can also penetrate 1 m. of lead: Rossi (1933), Street, Woodward, and 
Stevenson (1935). These results suggested that the cosmic-ray beam 
consisted of a penetrating and a soft component. 

Absorption measurements were also carried out in various materials. 
It was found that the penetrating component is absorbed proportional 
to mass. This was indicated by measurements of Steinke and Tielsch 
(1933), Street, Woodward, and Stevenson (1935), and others. The latter 
authors find that the absorption is more nearly proportional to the 
electron density than to the mass density. 
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The soft component was found to be absorbed more strongly in heavy 
elements than in light elements. The absorption was found to be pro- 
portional to Z 2 per atom (i.e. Z 2 /A per gram) by Rossi and Alocco (1935), 
Auger and Rosenberg (19356, c), and others. 

The hypothesis of two independent components was much empha- 
sized by Auger and his co-workers (1935 a, b) (Auger, Leprince-Ringuet, 
Rosenberg (1935)); in support absorption measurements were carried 
out at various heights above sea-level, at sea-level, and under ground. 

26. The hypothesis of the two components was fully confirmed later. 
It is known now that the soft component consists of electrons as 
already suggested by Auger and others. The penetrating component 
consists of mesons, a new kind of particle (see 28). It was found, 
however, that the soft component is not entirely independent of the 
hard component. 

Clay, Gemert, and' Clay (1939), V. C. Wilson (1939), and others 
observed that the soft component persists down to great depths below 
sea-level; the relative intensity of the soft component increases with 
depth. The intensity of the primary soft component should be negligible 
under ground and therefore the soft component observed there is 
secondary. 

Soft Component and Shtfwers 

27. It was noticed variously that the intensity of showers is propor- 
tional to the intensity of the soft component (Woodward (1936), Auger 
(1935 a), and others). E. Regener and Ehmert (1939) found that the 
shower intensity is strictly proportional to the total intensity at large 
heights (10-16 km. above sea-level). As at those heights the soft 
component is preponderant, Regener's results show that the sliower 
intensity is proportional to the intensity of the soft component at great 
heights. 

The observations described so far refer to small showers. Large 
showers or bursts increase with height much more rapidly than the soft 
component. This was shown by Montgomery and Montgomery (1935 a) 
and others. 

The shower intensity was also observed under ground by a number 
of observers, e.g. Follet and Crawshaw (1936), Clay and Clay (1935), 
Ehmert (1937), Barn6thy and Forro (1937), V. C. Wilson (1939), and 
others. 

It was found that the shower intensity under ground is roughly pro- 
portional to the soft component. 
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D. COSMIC-RAY PARTICLES 
1. Positron and Meson 

28. The ionizing cosmic-ray particles are found to contain positive 
and negative electrons, mesons, and protons. 

The positive electron and one type of meson were discovered in the 
course of cloud-chamber studies of cosmic rays. 

1. The positive electron was found by Anderson (1932, 3 a, b). The 
evidence brought forward by Anderson was much supported and en- 
larged by Blackett and Occhialini (1933). Apart from many photographs 
showing positive electrons the latter authors have shown that the posi- 
tive electron can be identified with the * hole 5 of Dirac's relativistic theory 
of the electron. 

2. There are at least two types of meson. The more common type, 
the /z-meson, has a mass k >l r (c\ 

Mesons have either positive or negative charge. The jit-meson decays 
spontaneously, emitting an electron and possibly one or more neutrinos ; 
the details of the decay process are uncertain. 

Mesons were predicted by Yukawa (1935); the /^-meson was dis- 
covered experimentally by Anderson, the heavier 7r-meson by Lattes, 
Occhialini, and Powell (1947). Only the 7r-meson is connected with 
Yukawa's theory. Photographs indicating the occurrence of mesons 
were obtained by various authors. In fact a photograph showing the 
track of a meson was published by Kunze (19336) before Yukawa's 
theory. No notice of this photograph was taken. A convincing photo- 
graph of a meson was published by Williams and Pickup (1938). A clear 
case of a particle with mass intermediate between electron and proton 
was published by Neddermeyer and Anderson (1938) and is shown in 
Plate 2. 

Photographic evidence for the instability of the jit-meson was first 
obtained by Williams and Roberts (1940). Compare Plate 2. 

2. The Analysis of Cosmic-ray Particles 

(a) lonization and Mass 

29. The nature of the various types of cosmic-ray particles was 
established mainly by the analysis of cloud-chamber photographs and 
of photographic emulsions. We give a survey of this problem. 

Examining the track of a particle in the cloud chamber or in a 
photographic emulsion one can determine its density of ionization. 
The magnetic curvature in a cloud chamber gives its momentum p. 
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The rate of ionization of a charged particle is proportional to 

(Ze/v)*f(p), (7) 

where v and p are velocity and momentum of the particle. Ze is the 
charge of the particle. f(p) is a slowly varying function of the momen- 
tum p. f(p) increases roughly as log^; when p >> me. For not too high 
values of p the function f(p) can be regarded as a constant. 

According to (7) the ionization density decreases with increasing 
velocity v, and reaches a limiting value for high velocities v ~ c. We 
see that all fast singly charged particles show the same ionization 
density irrespective of mass. 

30. Most cosmic-ray particles show an ionization density comparable 
with that of fast /? -par tides. It is concluded therefore that most cosmic- 
ray particles are singly charged and are fast. 

A few tracks show ionization exceeding that of /?-particles. Such 
tracks are due to slow particles. 'Slow' means a velocity appreciably 
smaller than c. A particle with velocity \c or less may be termed slow. 

Fast particles carrying multiple charges also show heavy ionization. 
The tracks of multiply-charged particles were observed in photographic 
emulsions exposed at 30 km. height, at a pressure of I cm. Hg. (Freier, 
Lofgren, Ney, Oppenheimer, F., Brandt, H. L., and Peters (1948).) 

31 . The mass of a slow particle can be determined when both velocity 
and momentum are known. The velocity can be determined from the 
density of ionization while the momentum can be determined from the 
curvature or range. 

In case of fast particles with velocity v < ' c the mass cannot be deter- 
mined from the curvature. It can be shown, however, that the rest-mass 
of the particle must be less than p/c. Thus we have 

m < p/c. (8) 

(b) Electrons 

32. Fast cosmic-ray particles with a curvature corresponding to a 
momentum of the order of 10 MEV./c are observed frequently, especially 
among shower particles. From the relation (8) it is seen that such tracks 
are due to particles with small mass; such tracks are assumed to be 
electron tracks. 

The positron 

33. Anderson (1932, 3) found particles with positive curvature and 
low momentum; he showed that these particles had to be interpreted 
as positively charged electrons. Experimental material supporting the 
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evidence for the occurrence of positive electrons was put forward by 
Blackett and Occhialim (1933). 

34. The sign of charge of a particle moving in a magnetic field can 
only be determined if the direction of motion is known. There are a 
number of methods which can be used to ascertain the direction of 
motion of a particle. 

Among other methods we mention the following. A particle travers- 
ing an absorber is losing energy and therefore its curvature is smaller 
before entering than after leaving the plate. 

One of the first photographs which was taken by Anderson as evidence 
for the positive electron showed the following features. A particle with 
a curvature corresponding to 63 MEV. was seen to enter a lead plate 
0-6 cm. thick. The track emerged with a curvature corresponding to 
23 MEV. The particle showed positive charge and an ionization density 
suggesting electronic mass. 

The mass of the positron was later shown to be exactly equal to that 
of the negative electron by Thibaud (1933 a). 

Properties of the positron 

35. .From curvature measurements it was inferred that most of the 
shower particles are positive or negative electrons. Blackett and Occhia- 
lim" suggested as a possible source for these electrons that they are 
created in pairs together with negative electrons by photons. It was 
suggested that a photon with energy exceeding 

2m e c 2 ~ 1 MEV. 

can be absorbed in the neighbourhood of a nucleus giving rise to a pair 
of electrons. 

This suggestion was later confirmed experimentally by Chadwick, 
Blackett, and Occhialini (1933), by Anderson (1933 6), and by Curie and 
Joliot (1933). It was shown that electron pairs can be produced by the 
y-rays emitted by ThC" (2-6 MEV.). 

Dirac's relativistic theory of the electron 

36. The experimental discovery of the positive electron threw new 
light on the Dirac theory of the electron. 

Before the discovery of the positive electron one of the most serious 
difficulties of Dirac's theory was the prediction of the existence of states 
of negative energy apart from the ordinary states of positive energy. 
This difficulty was realized to be fundamental, as it seemed impossible 
to exclude transitions between states of positive and negative energy 
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by some minor modification of the theory. Moreover the negative 
energy states were found to play as essential a part as intermediate 
states in processes where Dirac's theory led to agreement with experi- 
ment. 

Dirac's interpretation of the states of negative energy was as follows. 
Electrons occupying states of negative energy cannot be observed 
directly, but once an electron is lifted from a state of negative energy 
into a state of positive energy the empty state of negative energy or 
'hole' becomes observable and it behaves as a particle with positive 
charge. 

Dirac thought that the empty states of negative energy have to be 
identified with protons. It was shown by Weyl that these empty states 
must be assumed to appear as particles of electronic mass. 

Identification of positron 

After its discovery the positive electron was identified by Blackett 
and Occhialini with Dirac's hole. 

37. It was pointed out that the creation of an electron pair can be 
regarded as the lifting of an electron from a state of negative energy 
into a state of positive energy by a photon of energy exceeding 2m e c 2 . 
Further, according to Blackett and Occhialini the falling of a (negative) 
electron into an empty hole would appear as the collision of a positive 
electron with a negative electron, resulting in the annihilation of both. 
The liberated energy was assumed to be emitted in form of two quanta. 
This later process was confirmed experimentally by Thibaud (19336). 
The anomalous absorption of y-rays observed for energies above 1 MEV. 
can also be interpreted in terms of the creation and subsequent annihila- 
tion of electron pairs (Blackett and Occhialini (1933), Curie and Joliot 
(1933)). 

Bethe-Heitler theory 

38. Bethe and Heitler (1934) derived both the cross-sections for the 
production of electron pairs by photons and the cross-section for the 
emission of photons by electrons in inelastic collisions with atomic 
nuclei. 

Both cross-sections are of the same order of magnitude, and lead to 
the following conclusions: 

1. The rate of loss of energy, of an electron due to the emission of 
energetic photons increases rapidly with energy and therefore the range 
of energetic electrons increases only slightly with increasing primary 
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energy. The cross-section for pair production by photons is so large that 
high -energy photons are absorbed almost exclusively by this process. 
The range of energetic photons is of the same order as that of energetic 
electrons. 

2. Both cross-sections, that for pair production and that for emission 
of quanta, are proportional to Z 2 . Thus electrons or photons are ab- 
sorbed much more strongly in heavy elements than in light elements. 

Cascade showers 

39. An energetic electron or photon falling on an absorber is quickly 
absorbed but it starts a complex secondary process and the descendants 
of the primary may penetrate much farther than the primary. 

A primary electron will be stopped after having emitted one or more 
photons with energies comparable with its own. The secondary photons 
will be absorbed, giving rise to pairs of electrons, and some of these 
electrons will have energies comparable with those of the photons. 
These electrons will produce new photons and the process will go on 
until comparatively low-energy photons and electrons are produced. 

The idea that the absorption of energetic electrons or photons leads 
to cascades of this sort was put forward simultaneously by Bhabha and 
Heitler (1937) and by Carlson and Oppeiiheimer (1937). These authors 
pointed out that most cosmic -ray showers can be interpreted in terms 
of such cascades. 

40. It was further shown that the intensity distribution of cosmic 
rays in the higher atmosphere could be accounted for by assuming 
primary electrons incident on the top of the atmosphere; the variation 
of the cosmic-ray intensity with geomagnetic latitude could also be 
accounted for in terms of the cascade theory on the assumption that 
low-energy particles are cut off by the magnetic field of the earth 
(Heitler, 19376; Nordheim, 1938). 

(c) Penetrating Particles 
Two hypotheses 

41. The cascade theory was thus found to be capable of accounting 
for the properties of the soft component. To account for the hard com- 
ponent the following two alternative hypotheses were put forward (the 
second hypothesis was found ultimately to be the correct one) : 

1. The hard component consists of electrons. To account for the great 
penetrating power of the hard component it must be assumed in this 
case that the Bethe-Heitler theory breaks down for sufficiently high 

3595.40 
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energies and that the rate of loss of very high-energy electrons is much 
smaller than predicted by the theory. 

Alternatively: 

2. The Bethe-Heitler theory is valid up to the highest energies but the 
penetrating particles are not electrons. In this second case it must be 
assumed that the penetrating particles have a rest-mass exceeding that 
of the electron as the rate of radiative loss is inversely proportional to 
the square of the rest-mass. 

Fallacy of the breakdown hypothesis 

42. Hypothesis 1 seemed to be favoured by measurements of the rate 
of loss of momentum of particles crossing metal plates (Anderson and 
Neddermeyer (1937) ; Blackett and Wilson (1937)). It appeared that 
particles with low momentum were losing energy in accordance with the 
calculated loss for electrons, while particles with higher momentum were 
found to lose much less energy than expected for electrons from the 
Bethe-Heitler theory (1934). 

These experimental results were explained later. It was established 
eventually that hypothesis 1 is inaccurate and that the high-momentum 
particles are mesons while the low-momentum particles are electrons. 
The apparent change of behaviour at about 200 MEV./c is due to the 
fact that most electrons have momenta less than 200 MEV./c while most 
mesons have momenta above this limit. These two limits are quite 
independent of each other and it seems purely accidental that the two 
spectra have only a small overlap. 

43. The electron and meson spectra do actually overlap. A small 
number of electrons with momentum above 200 MEV./c and also mesons 
below 200 M EV./c have been found. Before the experimental discovery 
of the meson Anderson showed that the cosmic-ray particles can be 
divided into two groups the first group containing k shower-producing 
particles ', the second group containing penetrating particles. The energy 
loss of the first group of particles was found to be of the order to be 
expected for electrons. 

44. The breakdown hypothesis 1 was (wrongly) accepted for some 
time, because theoretical reasons were put forward to the effect that the 
Bethe-Heitler theory might become invalid for energies above 137m e c 2 . 
These theoretical arguments were, however, fallacious. It was shown 
by Williams (1934 a, b, c) by means of semi-classical considerations 
that the Bethe-Heitler (1934) theory must be valid for high energies 
if valid for low energies. 
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Protons 

JEM Before the experimental discovery of the meson the alternative 
to the breakdown hypothesis was taken to be the hypothesis that the 
penetrating cosmic -ray particles are protons. 

The proton hypothesis met with immediate difficulties. Firstly, it 
would have implied the assumption of negative protons, while no direct 
evidence for the occurrence of negative protons has ever been found. 

46. The main difficulty of the proton hypothesis was, however, that 
protons with momentum less than say 1,000 MEV./c are slow and ionize 
more thickly than fast particles. The analysis of Erode, McPherson, and 
Starr (1936) and of Blackett (1937 a) showed that the number of heavily 
ionized tracks is too small to be compatible with the proton hypothesis. 
Blackett found that among 150 tracks corresponding to particles with 
momentum less than 600 MEV./c only three positive ones showed any 
sign of more than average ionization density. 

From these observations it was concluded that the number of fast 
protons cannot exceed about 10 per cent, of the number of fast particles. 
It is not unlikely that the actual number of fast protons is even very 
much smaller. 

Mesons 



47. The penetrating particles found among cosmic rays were eventu- 
ally shown to be mainly mesons. The ^-meson has a rest-mass of about 
200 times that of the electron, therefore mesons with momentum less 
than about 100 MEV./c ionize more heavily than electrons of the same 
momentum. Mesons with momentum of the order of 50 MEV./c can be 
therefore distinguished clearly from electrons on account of their heavier 
ionization; they can also be distinguished from protons as protons of this 
momentum ionize extremely heavily. Besides a proton of 50 MEV./c has 
a remaining range of only 2 cm. of air while a meson of this energy has 
a remaining range of several metres of air at N.T.P. 

48. The first clear case of a meson track was obtained by Nedder- 
meyer and Anderson (1938)f (see Plate 2). A somewhat heavily ionizing 
track is seen to enter a lead plate. It emerges as a thickly ionized track 
ending in the gas. From the curvature of the track, its ionization, and 
its range below the plate it can be shown that the track must be due 
to a particle with a mass intermediate between electron and proton. 

Slow mesons are very rare. This is due to the fact that the remaining 

t A track of a slow meson was actually published by Kunze (1933 a) [p. 10, Fig. 5]; 
no notice of this photograph seems to have been taken. 
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range of a meson once it has become slow is very short. The small 
number of slow mesons observed is therefore in no contradiction with 
the fact that most fast cosmic-ray particles are mesons. 

3. The Meson 

(a) Yukawa's Theory 

49. Mesons were predicted theoretically by Yukawa (1935) long 
before their experimental discovery. Yukawa introduced the meson as 
a hypothetical particle responsible for the short range forces between 
nuclcons (i.e. proton or neutron). 

Yukawa predicted that this particle should have a mass 300w e with 
positive or negative elementary charge and he suggested that such 
particles might be found among cosmic rays. 

To account for the radioactive /3-decay Yukawa assumed the hypo- 
thetical particle to be unstable and to decay after a half -life of 0-25 . 10~ 6 
sec. into an electron and a neutrino. 

The predictions of Yukawa seem to have been fulfilled; though the 
particle responsible for nuclear forces is most likely not the /t-meson as 
originally thought, but the somewhat heavier Tr-meson, discovered later, 
in photographic emulsions. 

(b) The Instability of the Meson 

50. The /i-meson has been shown experimentally to be unstable, 
having a half-life of about 2. 10 6 sec. 

Photographic evidence 

Direct evidence for the instability of the /x-meson was first obtained by 
E. J. Williams and Roberts (1940) on a cloud-chamber photograph*. The 
photograph is reproduced on Plate 2, and it will be shown later that 
this photograph must be interpreted as showing a slow meson entering 
the gas of the chamber, coming to rest, and emitting a fast electron. 

More photographs of this kind were obtained by Williams and 
Evans (1940), by Johnson and Shutt (1942) in high-pressure cloud 
chambers, and recently by Anderson, Adams, Lloyd, and Ran (1948) at 
high altitude. 

Absorption anomaly 

51. Indirect evidence for the instability of mesons could be deduced 
from experimental results which were obtained before the experimental 
discovery of the meson. 

Follet and Crawshaw (1936) compared the vertical intensity of cosmic 
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rays under 60 m. water-equivalent below ground with the intensity near 
sea-level in inclined directions. They found that the absorption in air 
appeared to be stronger than the absorption in the ground. A similar 
anomaly was observed by Ehmert (1937). 

Auger and his co-workers (Auger, Ehrenfest, Freon, and Fournier 
(1937), also Freon (1942, 4)) observed very pronounced anomalies in the 
absorption of cosmic rays in air. It was found that the absorption of 
the atmosphere in directions inclined to the vertical was markedly 
stronger than the absorption in mass-equivalent layers traversed in the 
vertical directions. 

52. The anomalies were interpreted by Kulenkampff (1938) in terms 
of the decay of the meson. A meson beam passing through an absorber 
of small density is more weakened than it would be after passing through 
a dense absorber of the same mass. The passage through the absorber 
with the smaller density takes a longer time than'the passage through 
the dense absorber and therefore the fraction of the beam lost through 
decay is larger during the passage through the less dense absorber. 

The theory of the absorption anomaly was treated in some detail by 
Euler and Heisenberg (1938) and also by Rossi (1939). 

The absorption anomaly was observed more directly by comparing 
the absorption of mesons in air with the corresponding absorption in 
dense materials. Sych experiments were carried out by Rossi, Hilberry, 
and Hoag (1940), Neher and Stever (1940), Alichanov (1942), and others. 
The observations lead to a reasonable half-life of the meson. 

Temperature effect 

53. It was pointed out by Blackett (19386) that the temperature 
effect observed by Hess, Graziadei, and Steinmaurer (1935), Barnothy 
arid Forro (1936), Compton and Turner (1937), Clay and Bruins (1939), 
Beardsley (1940), and in great detail by Duperier (1944a, 6), and others 
can be accounted for in terms of the instability of the meson. If the 
temperature of the atmosphere increases without change of pressure 
then the mass of air expands and the time of travel of the mesons 
through the atmosphere is increased. Thus an increase of the tempera- 
ture should be accompanied by a decrease of the meson intensity. 

Direct measurement of the mean life of /x-mesons 

54. The mean life of ^t-rnesons was also observed directly. The experi- 
mental arrangement permitted the direct measurement of the time 
interval between the instant a meson was brought to rest inside an 
absorber and the emission of a decay electron by the meson. 
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Such experiments were carried out by Rasetti (1941), Maze (1941), 
Auger, Maze, and Chaminade (1942), Chaminade, Freon, and Maze 
(1944), Rossi and Nereson (1942 3). These investigators obtained for 
the half-life of the positive jit-meson 2. 10 6 sec. 

For slow negative /x-mesons there is competition between nuclear 
capture and spontaneous decay. In lead capture is predominant, while 
decay is negligible; in carbon capture is negligible; in sodium capture 
apparently reduces the half-life (see 346). 

The relativistic time contraction 

55. It is interesting to compare the value obtained for the half -life of 
the meson by direct measurement with the values obtained from the 
absorption anomaly. 

According to the theory of relativity it is necessary to distinguish 
between the proper life of a meson, that is, the life as it appears to an 
observer travelling with the meson, and the apparent life found by an 
observer on the earth having a large velocity relative to the meson. 
Owing to the relativistic time contraction the apparent life of a meson is 
much longer than the proper life. To compare the determinations of the 
life of the meson from absorption and from direct measurement it is 
necessary to convert apparent life of the fast meson into the proper time. 
When the conversion is carried out the results of the two determinations 
are found to be in good agreement. 

We note, incidentally, that the agreement between the two determina- 
tions of the life of the meson yields a direct confirmation of the relativistic 
time contraction in a region where this contraction is not a small effect 
but gives rise to a factor of the order of ten. 

E. GEOMAGNETIC EFFECTS 

56. The researches so far described give evidence as to the nature and 
composition of cosmic rays at various points of observation. No direct 
information about the nature of the primary cosmic rays falling on the 
earth from outside can thus be obtained. The only certain conclusion 
is that the penetrating component, consisting of mesons, must be of 
secondary origin because of the instability of mesons. 

Direct information as to the nature of primaries can be obtained by 
observing the effects of the earth's magnetic field upon cosmic radiation. 

1. Stormer* s Theory 

57. Electrically charged particles are deflected in the magnetic field 
of the earth when approaching from outside. The orbits of electrically 
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charged particles in the field of a magnetic dipole were studied in great 
detail by Stormer. A summary of Stormer's early results is given by 
Stormer (1930). The theory was further developed by Lemaitre and 
Vallarta (1933); see for a summary Vallarta (1938). It was found that 
particles of any momentum can approach the poles of the earth while 
only particles of sufficiently high momentum can approach the earth at 
lower latitudes or at the equator. The minimum momentum for a singly 
charged particle capable of reaching the equator in a vertical direction is 
found to be 15,000 MEV./c and only particles of momentum exceeding 
60,000 MEV./c can approach the earth from any direction. 

The total intensity of cosmic rays is therefore expected to decrease 
with decreasing geomagnetic latitude, provided the primaries are electri- 
cally charged, and provided at least some of the primaries have suffi- 
ciently small momentum. 

2. Observations 

(a) Latitude Effect 
Low altitudes 

58. The magnetic latitude effect was first observed by Clay (1927, 8, 
30) in the course of a voyage between Amsterdam and Batavia. ( -lay's 
earlier results were not generally accepted until 1930 because of a 
number of negative results of other workers. 

The effect observed by Clay was later fully confirmed. The latitude 
effect was observed by Compton and his co-workers (Compton (1933)), 
Bowen, Millikan, and Neher (1934), J. Clay (1934), and many others. 
Literature has been collected by Miehlnickel (1938). 

A particularly detailed survey was organized by A. H. Compton 
(1933). Seventeen physicists equipped with large ionization chambers 
of similar design measured the cosmic-ray intensity in sixty -nine stations 
distributed over the whole world. The combined observations of these 
observers showed very clearly the dependence of cosmic -ray intensity 
upon geomagnetic latitude. 

The latitude effect can be expressed by the relative change of inten- 
sity between geomagnetic equator and pole. This change is given by 

r = (/eo-/ )//9o- 

It was found that r ~ 0-1 for sea-level. The effect increases with height 
and at 4,360 m. altitude (corresponding to a pressure of 45 cm. of Hg) 
r~ 0-33. 

The survey organized by Millikan led to much the same result. 
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High altitudes 

59. Millikan and his co-workers measured the latitude effect up to 
very great heights (2 cm. Hg pressure). (A summary is given by 
Millikan, Neher, and Pickering (1943).) The latitude effect increases 
considerably with height and at a height corresponding to 3 cm. of Hg 
pressure is about 80 per cent. 

The latitude effect extends only up to geomagnetic latitudes of about 
j- 50. For higher geomagnetic latitudes the intensity remains constant. 
This latitude cut-off was revealed by Compton's survey (1933). Such 
a cut-off was also found by Clay, van Hooft, and Clay (1935) and Cosyns 
(1936 a) at great heights when collecting measurements carried out in 
balloon flights over the continent of Europe. The cosmic-ray intensity 
remains constant from 50 to the magnetic poles, as was shown by 
Carmichael and Dymond (1939). A number of balloon flights were 
carried out from stations at high geomagnetic latitudes, including one 
near the magnetic pole. It was found that the height-intensity curves 
thus obtained were in agreement with that obtained by Pfotzer (1936) 
over Germany. 

(b) Longitude Effect 

60. On a voyage on which the geomagnetic equator was crossed 
several times Clay, Alphen, and Hooft (1934) found that the cosmic -ray 
intensity depends also on geomagnetic longitude, 'riiis effect was ob- 
served independently by Millikan and Neher (1935, 6). Along the geo- 
magnetic equator the maximum of the intensity is found in 8outh 
America and the minimum near the Philippines. The effect can be 
accounted for in terms of the asymmetric position of the equivalent 
magnetic dipole (Vallarta, 1935). 

(c) Asymmetries 

61. The magnetic field of the earth also causes an asymmetry of the 
intensity distribution round the vertical. A comparatively large asym- 
metry between east and west is to be expected and a smaller asymmetry 
between the intensities from the south and north. Apart from these 
asymmetries one is led to expect that the intensity distribution round 
the vertical shows a fine structure (Schremp, 1938). 

An indication for an east-west asymmetry was found by Rossi (19316). 
The east-west asymmetry was observed first by Johnson and Street 
(1933) and Johnson (1933a,6, 4, 56) and also by Rossi (1934) and Clay 
(1935 a, 6). The observations show an excess of the intensity from the 
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west over that from the east. This excess indicates an excess of positively 
charged particles in the primary beam. 

The north-south asymmetry was observed by Johnson (1935 a), Clay 
(1935 a, 6), and Rossi (1934). On the northern hemisphere an excess 
from the south above the intensity from the north was found. An 
extensive survey of asymmetries is due to Johnson (19356). 

3. Interpretation of the Geomagnetic Effects 

Theories of Stormer and of Lemaitre and Vallarta 

62. Stormer's theory of the motion of charged particles in the mag- 
netic field of a dipole was originally developed to account for the aurora 
borealis. The theory was applied to cosmic rays by Stormer (1930-8), 
Lemaitre and Vallarta (1933, 5, 6), Fermi and Rossi (1933), Rossi 
(1934), and Swann (1933). A comprehensive summary of the theory 
is given by Vallarta (1938). 

The problem of the intensity distribution was much simplified when 
it was shown by general dynamical reasoning that the effect of the 
magnetic field on an isotropically distributed primary radiation was 
merely to cut out particles of a given momentum in certain directions. 
The problem of the intensity distribution reduced therefore to that of 
the determination of forbidden directions as functions of geomagnetic 
coordinates and momentum. 

The determination of forbidden directions was much complicated by 
the shadow effect of the solid earth. The theory of the forbidden cones 
was treated in great detail by Vallarta and his co-workers, e.g. Lemaitre, 
Vallarta, and Bouckaert (1935), Schremp (1938), and others. 

63. The observed geomagnetic effects were shown to be capable of 
interpretation in terms of the theory of the magnetic deflexion. The 
comparison between theory and observation could not be carried out 
strictly as (1) the spectrum of the primaries was not known, (2) the 
details of the secondary processes were not known. 

Conclusions 

64. The following may now be stated: 

1. The latitude effect in the upper atmosphere is probably caused by 
incident electrons with a power spectrum. This conclusion maintained 
by the author is not generally accepted. 

2. The latitude effect near sea-level is probably due to primaries 
different from those producing the effects at high altitudes. It was 
suggested by Johnson (1938c,d, 9 a, b) and later by others that the 
primaries responsible for the low-altitude effects are protons. 
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3. The cut-off of the magnetic effects near 50 is accounted for most 
easily by assuming that the primary spectrum is cut off at the low end 
by some other agency than the earth's field and it does not contain 
primaries with momentum less than 3,000 MEV./c. Such a cut-off of 
the spectrum could be accounted for by the magnetic field of the sun, 
as was suggested by Janossy (1937) and later by Vallarta (19376) and 
Epstein (1938). The hypothesis was discussed in some detail by Vallarta 
and Oodart (1939). 

Primary energies 

65. In interpreting the geomagnetic effects the following interesting 
feature has to be accounted for. Only primaries with momentum 
exceeding 15,000 MEV./c can approach the earth vertically at all 
latitudes. (Only particles with momentum larger than 60,000 MEV./c 
can approach the earth freely from all directions at all latitudes.) The 
latitude effect at sea-level is only 10 per cent. It must be concluded 
therefore that 90 per cent, of the particles reaching sea-level are due to 
latitude insensitive primaries, thus the primaries responsible for 90 per 
cent, of the intensity at sea-level must have momenta larger than 
15,000 MEV./c. 

The average momentum of the mesons at sea-level is of the order of 
3,000 MEV./c, while a meson passing through fche atmosphere is expected 
to lose 2,000 MKlV./c. Therefore the mesons must have started with an 
average momentum of 5,000 MEV./c. This momentum is much smaller 
than the average momentum of the primaries as deduced from the 
latitude effect. 

The margin between the momentum of the primaries and the secon- 
dary mesons can be best accounted for by assuming that each primary 
splits up its energy and gives rise to several mesons while passing 
through the atmosphere. 

This interpretation of the latitude effect was put forward by Nord- 
heim (1938) and by Bowen, Millikaii, and Neher (1937). As a result of 
this consideration it was realized even before the discovery of the meson 
that the penetrating component must be of secondary origin. That the 
penetrating component must indeed be secondary became quite clear 
as soon as it was established that the penetrating component consists 
of mesons and that the mesons are unstable. 

F. THE ORIGIN or THE MESON 

66. Since the mesons are unstable they must originate inside the 
atmosphere. As the meson component shows a magnetic latitude effect 
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it is also clear that the mesons are the secondaries of a primary radiation 
coming from outer space. It was pointed out by Johnson ( 1938 d, e, 
9 a, b) and later elaborated by others that the most likely primaries 
giving rise to the meson components are protons. 

The most important objective of present cosmic -ray research seems 
to be to determine the process by which mesons are produced. 

Height of Production 

67. The mesons must be created at very high altitudes. It was shown 
by Euler and Heisenberg (1938) that the absorption anomalies can be 
accounted for on the assumption that they are formed in a region about 

16 km. above sea -level. 

A more sensitive test of the height of origin of the mesons is obtained 
from the analysis of the temperature effect. It was shown by Duperier 
(1940, 46) that the temperature effect is best accounted for on the 
assumption that mesons have originated at a height of 10 km. or even 
higher. 

Penetrating Showers 

68. Though it is clear from the evidence given in the last paragraph 
that the bulk of the mesons are produced at very great heights a few 
mesons are also produced^near sea-level. Various observers have ob- 
tained photographs containing groups of penetrating particles (Fussel 
(1938), Braddick and Hensby (1939), Herzog and Bostick (1940), Powell 
(1940, 1), Janossy and co-workers (1941), Wollan (1941), Bostick 
(1942), Hazen (1943, 4), Boso and co-workers (1944), Rochester (1944, 6), 
Daudin (1942, 3), Fretter (1948)). Such photographs are most easily 
interpreted in terms of the production of mesons near the cloud chamber. 

Wataghin and his co-workers (1940) observed showers penetrating 

17 cm. of lead. Independently Janossy and Ingleby (1940) observed 
showers penetrating 50 cm. of lead. Some of these showers must be 
interpreted as groups of mesons produced near the recorder. 

Transition effects of such penetrating showers were observed by 
Janossy (1941) and Janossy and Rochester (1944a). These effects show 
that the cross-section for the production of mesons is of the order of 
magnitude of the size of atomic nuclei (compare also Regener (19436)). 

Stars 

69. A phenomenon which may be connected with the production of 
mesons was first observed by Blau and Wambacher (1937 a, b). It was 
found that suitably prepared photographic plates exposed for a long 
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time to cosmic rays at high altitudes show 'stars' after development. 
Each star consisted of a number of tracks left by particles which 
emanated from a common centre. The ranges of these particles were 
often much longer than expected for radioactive a-particles. It was 
concluded that stars are disintegrations of nuclei caused by cosmic rays. 
Only slow particles give rise to a sufficient density of ionization to be 
observable in an emulsion. The question whether or not stars contain 
fast particles cannot therefore be decided. Cloud-chamber photographs 
by Hazen (1943, 4a), however, show explosions which seem to be inter- 
mediate between penetrating showers and 'stars'. It is therefore likely 
that the two phenomena are closely connected. The first cloud-chamber 
photograph of a 'star' originating in the gas of a cloud chamber was 
obtained by Blackett in 1933 (compare E. J. Williams, 1934 a). 

Theory of Hamilton, Heitler, and Peng 

70. The details of the process of meson formation are still somewhat 
uncertain. A theory of the production of mesons in terms of the colli- 
sions between fast nucleons has been given recently by Heitler and 
Peng (1943) and Hamilton and Peng (1943). The theory is capable of 
accounting for much of the experimental material connected with the 
hard component as was shown by Hamilton* Heitler, and Peng (1943), 
Heitler and Walsh (1945), Heitler and Jariossy (1944) a, ft). 

G. EXTENSIVE Am SHOWERS (A -SHOWERS) 

71. Auger and his co-workers discovered in 1938 large showers cover- 
ing many hundreds of square metres (Auger and Maze (1938), Auger, 
Maze, and Grivet-Meyer (1938)). Auger, Maze, and Robley observed 
showers with counters separated up to 300 m. Similar observations 
were reported by Kolhorster and his co-workers (1938). These showers 
were investigated by many observers and they are believed to be large 
cascade showers started by energetic primaries and developing through 
the atmosphere. 

Some of the showers had an extremely high particle density and it 
was estimated from cloud-chamber photographs that the total energy 
must have exceeded 10 7 MEV. 

The theory of extensive air showers in terms of the cascade process 
was given by Euler and Wergeland (1940) and modified by many others 
(see Ch. VIII). While there is some discrepancy in the treatment of the 
phenomenon by different authors it is clear that it is necessary to assume 
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primaries with energies of the order of 10 10 MEV. in order to account 
for the phenomenon. 

^2. Auger (1938) has noticed that some extensive air showers have 
a surprisingly high penetrating power. Since the first edition of this 
book much work on the penetrating particles in air showers has been 
carried out. The question as to the nature of the penetrating particles 
is at the time of writing most controversial. 

In a number of papers Greisen and his school are arguing to the 
effect that the air shower phenomena can be accounted for in terms of 
cascades and /z-mesons. Particular stress is laid on the fact that the 
absorption coefficient of photons in lead has a pronounced minimum at 
a few MEV. (Cocconi and Greisen (1948), Treat and Greisen (1948), 
and personal communications.) 

It was found by V. Tongiorgi Cocconi that air showers contain large 
numbers of slow neutrons. 



II 

EXPERIMENTAL TECHNIQUE 

73. THE development of experimental technique has played a decisive 
role in cosmic-ray investigation. It was a long time before physicists 
could convince themselves of the mere existence of cosmic rays. Thanks 
to the development of a suitable technique the existence of the cosmic 
rays can now be demonstrated as a matter of routine, and minute details 
of the properties of the radiation can be investigated successfully. 

In this chapter we give a detailed description of the various experi- 
mental techniques which are employed for the investigation of cosmic 
rays. 

The chapter is intended to serve a double purpose. Firstly, we shall 
describe experimental methods so as to facilitate the understanding of 
the significance of the experiments. In particular we shall discuss in 
some detail the significance of the counter-controlled cloud chamber 
and some aspects of the anticoincidence method. 

Secondly, we shall attempt to give sufficient technical detail to be of 
use to the research worker. For convenience of the reader we shall 
mark with an asterisk the paragraphs which .are exclusively of technical 
interest. 

A. THE IONIZATION- CHAMBER 
1. Total Intensity 

74. Most of the early investigations were carried out with the ioniza- 
tion chamber, lonization chambers are still used for continuous record- 
ing of the cosmic-ray intensity and for the investigation of large showers 
and bursts. For other investigations the ionization chamber has been 
superseded by other instruments. 

A schematic drawing of an ionization chamber is given in Fig. 1. The 
chamber usually consists of a cylindrical metal container and a central 
collecting rod. It is desirable that the wall of the container should be 
as thin as possible in order to avoid effects caused by the material of the 
wall. The chamber is filled with gas at as high pressure as practicable 
in order to increase the sensitivity. A compromise between these two 
requirements has to be found according to the actual experiment for 
which the chamber is intended. It is not unusual to find chambers with 
walls about 3 mm. steel. 

A recording electrometer is connected to the central collecting elec- 
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trode. Great precautions have to be taken in insulating the collecting 
rod and the electrometer from the other parts of the apparatus. To 
facilitate the insulation the electrometer is sometimes placed inside the 
chamber. This arrangement, used by Hoffmann (102(5, 76) and by 




^Collecting 
electrode, 



Electrometer 



FIG. 1. The iornzatioii chamber. 

Kolhorster (1926), has the further advantage that the capacity of the 
central system can be kept very small. The position of the electrometer 
is read through a window by a small microscope. 

Most ionization chambers are used with an electrometer placed out- 
side the chamber. A guard ring kept approximately at the average 
potential of the electrometer is placed round the lead connecting the 
central electrode with the electrometer. 

75.* The rate of ionization produced in the gas can be measured in 
two different ways. In. the first method the vessel is kept at earth 
potential and the rate of discharge of the electrometer from some initial 
potential is observed. In the second method the vessel is kept at a 
high potential and the rate of charging of the electrometer is observed. 
Using the latter method great care has to be taken to keep the potential 
of the walls of the chamber constant, as a change of the voltage of the 
walls induces charges on the electrometer. 

To reduce background ionization, a grid near the wall of the chamber 
is sometimes introduced and the ionization current between the grid and 
the central electrode is measured (Hoffmann (1927 6)). The grid is kept 
at such a potential that the ions produced by a-particles from radio- 
active contamination of the wall are prevented from reaching the central 
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electrode. The distance between the grid and wall must of course exceed 
the range of radioactive ex-particles in the gas of the chamber. 

If all the ions of one sign produced in a chamber of volume 1^ are 
collected by the central electrode, then the ionization current observed 

can be written as 

t -- epri , (I) 

e being the elementary charge, p the pressure in the chamber in atmo- 
spheres, r the number of ions produced per c.c. per sec. per atrn. The 
rate of change of potential in volts per second is 

^ = SOOepnT/C, (2) 

at/ 

where C is the capacity of the central system. 

The actual rate of change of potential is smaller than that given by 
(2), as ions are lost by recombination. The loss of ions due to recombina- 
tion is large for small voltages but becomes small for voltages exceeding 
the saturation voltage. Care must be taken therefore that the potential 
difference between the electrodes should never fall below the saturation 
voltage. 

The rate of recombination also depends on the pressure and on 
temperature, see e.g. Compton, Wollan, and Bennett (1934). More ions 
are lost at high pressures and low temperatures than at low pressures 
and high temperatures. Therefore the ionization current increases less 
than proportionally with the pressure. The effect of pressure recombina- 
tion is smallest for the monatomic gases; high -pressure chambers are 
therefore most effective when filled with a noble gas. It was found, how- 
ever, that even small contaminations increase the recombination con- 
siderably; the use of a rather pure noble gas is therefore recommended. 
(Compare Fig. 2.) 

76.* As an example consider a chamber at atmospheric pressure. 
Let ^ -= 1, i^ 5,000 c.c., and (7=1 cm. The ionization due to cosmic 
rays at sea-level is of the order of 

r c = 2 ions per c.c. and per sec. in air of 1 atmosphere. 

The total ionization is, however, of the order of r = 10 ions per c.c. per 
sec. because of the radioactivity. 
We obtain from (2) 

= 7-2 X 10- 3 volt per sec. 
at 

Thus the electrometer will change its potential by about 25 volts per 
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hour and saturation can be safely maintained if the electrometer is 
brought back to its initial position about once an hour. 

Chambers with larger volumes and pressures up to 100 atmospheres 
are sometimes used. The dimensions 
of the apparatus designed by Steinke 
(see Corlin (1934)) for precision record- 
ingwerey= 22,600c.c.,^ = lOatm., 
and C = 14-25 cm. For this appara- 
tus one finds 

_ _^ 0-022 volt per sec. 



The voltage change of the electro- 
meter is compensated by inducing 
at half-minute intervals constant 
amounts of charge on the electrometer 
needle. In this way only the differ- 
ence between the induced charge and 
the charge due to the ioiiization cur- 
rent is recorded. The position of the 
needle is photographed hourly, and 
after the photograph has been taken 
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FIG. 2. Pressure ioni/ation curves. 



the needle is earthed, and the arrangement is reset for the next hour. 

The charge is compensated at intervals in order to keep the needle at 
almost constant potential all the time. This is important since, even in 
the region of saturation, changes in the current with changing voltage 
cannot be excluded. Besides by keeping the electrometer needle always 
near earth potential the strain on the insulation can be reduced. 

77.* Standard ionization chambers were designed by Kolhorster 
(1926), Hoffmann ( 1926), Hoffmann and Lindholm (192 8), Steinke (1928, 
29), Millikan and Cameron (1928, 31), Clay (1933), and others. An elabo- 
rate instrument, the Compton meter, was designed by Compton, Wollan, 
and Bennett (1934). As many models of this type are used for continuous 
recording of cosmic rays we give a description of the instrument (Fig. 3). 

The ionization is measured in a spherical steel bomb filled with pure 
argon at 50 atm. pressure. The ionization current is compensated by the 
current of a small auxiliary chamber which is exposed to the radiation 
of a source of metallic uranium. By varying the distance between the 
uranium source and the small chamber the compensating current can be 
adjusted so as to be very nearly equal to the average ionization current 
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in the main chamber. The electrometer deflexion is recorded con- 
tinuously by a moving film. The dimensions of the two chambers are 
so chosen that a small change in the voltage supply causes opposite 
charges to be induced on to the collecting electrodes of the two chambers 
and therefore such a change has no effect on the electrometer deflexion. 




MA 



FIG. 3. The Compton metor. 



The standard Compton meter is covered with lead shot equivalent to 
10-7 cm. of solid lead. Continuous recording of the cosmic-ray intensity 
with such meters is carried on at a number of stations (seeForbush, 1939). 

2. Bursts 

78. The bursts described in 23 are observed conveniently with 
ionization chambers. Hoffmann and Lindholm (1928) and in greater 
detail Hoffmann and Pforte (1930) observed sudden jumps of an electro- 
meter string which were caused by bursts of ionization released suddenly. 

A typical circuit which can be used to record bursts is reproduced in 
Fig. 4. The collecting electrode of the chamber is connected through a 
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condenser to the grid of the input valve. The plate of the input stage 
operates a linear amplifier of several stages; the output of the amplifier 
may be connected to the deflector plates of an oscillograph or to some 
mechanical recorder. Using an oscillograph one can brighten the beam 




Amplifier 
FIG. 4. Recording of bursts. 

for a short time after each burst and thus record the beam only while 
it is deflected. 

The size of the pulse caused by a burst can be estimated as follows. 
Consider a chamber filled at 70 atm. pressure, the combined capacity 
of collecting electrode, coupling unit, and grid of the input stage being 
10 cm. and the aveuage path length of a particle through the chamber 
15 cm. Assuming that a particle gives rise to 50 ions per cm. per 
atmosphere, the voltage pulse due to the passage of a single particle is 

found as 70 X 50 X 15 X 300e/10 = 10~ 3 volt. 

Thecollecting time of the ions produced by a burst is of the order of 
1*0 of a second. The time constant CE of the input must be large com- 
pared with this time. The input capacity can hardly be reduced to less 
than 10 cm., thus the leak resistance E must be at least of the order of 
10 12 ohm. Only a valve with a well insulated grid is therefore suitable 
for the input stage. An electrometer valve can be used but most H.F. 
pentodes with the grid terminal on the top are satisfactory and amplify 
more than electrometer valves. 

79. Pulses of a few millivolts can be amplified easily and therefore it 
would not be difficult to design an amplifier which records even the 
smallest bursts. A lower limit for the burst size which can be recorded 
is imposed by the statistical fluctuation of the incident rays. An acci- 
dental crowding in time of independent particles cannot be distinguished 
from a real burst. We estimate the smallest burst size which can be 
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distinguished from a background fluctuation as follows. If the time of 
collection of the ionization caused by a burst is t, while the average rate 
of particles passing the chamber is r , then the average number of par- 
ticles crossing the chamber simultaneously with a burst is N = r .t. 
From the figures given in 643, App. I, it can be inferred that fluctuations 
up to five times the standard fluctuation cannot be completely excluded. 
Thus it cannot be excluded that owing to statistical fluctuation during a 
period of the length t the number of independent particles crossing the 
chamber is anything up to 

N - N+5^/N. (3) 

Thus only pulses corresponding to more than N particles can be 
attributed to bursts. With t = } sec., r = 20 particles per sec., we have 
N = 4, and the smallest burst which can be recognized must contain 
NQ-~ N = 10 particl.es. 

Another limiting factor, the fluctuations caused by contamination, 
can be eliminated by using a grid near the wall of the vessel. 

Additional information about the nature of bursts may be obtained 
from the shape of the ionization pulse (Bridge, Hazen, Rossi, and Williams 
(1948)). 

B. GEIGER-M tJLLEfl COUNTERS 

1. Properties of the Counter 

(a) Description 

80. The Geiger-Miiller counter (1928-9) is an improved version of the 
original point counter of Geiger (1924) (see also Hess and Lawson (1916)). 
It consists of a cylindrical cathode and a thin concentric wire as anode 
(Fig. 5). The counter is filled with a gas at a pressure of about J of an 
atmosphere. A voltage of the order of 1,000 volts is applied between the 
electrodes. If one or more ions are produced inside the counter by some 
ionizing agency, these ions are accelerated by the field and an electric 
discharge results. The discharge is quenched shortly after its onset, and 
the resulting electric pulse is recorded either by a sensitive electroscope 
attached to the anode of the counter or by a valve and a mechanical 
recorder. 

The counting action of a counter sets in when the potential difference 
between the electrodes exceeds the starting potential. The counting 
efficiency of a counter increases with increasing potential up to voltages 
50-100 volts above starting potential. For higher 'over-voltages', i.e. 
in the region of the plateau, the counting rate is almost independent of 
voltage. The plateau of a good counter extends over a few hundred volts. 
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For higher voltages the counter starts 'racing' or a continuous discharge 
sets in (see for details Cosyns and de Bruyn (1934) and Werner (1934)). 
Counters are used with voltages inside the range of the plateau, as for 
this voltage range the counter is most efficient and its counting rate is 
only slightly affected by variations of the high-tension supply. 

^ Cathode 

- Anode wine 





FIG. 5. Geigor-Muller counter. 

81. The potential usefulness of the Geiger-Muller* counter for cosmic- 
ray research was realized immediately after its invention. Its practical 
application was, however, handicapped by the great instability of the 
early counters. 

The properties of Geiger-Muller counters were investigated in great 
detail by Cosyns and de Bruyn (1934) and by Cosyns (19366). Cosyns 
succeeded in constructing highly reliable counters. The counters were 
filled with pure hydrogen aiid no organic substances were used, so as to 
avoid slow changes of properties due to the instability of organic com- 
pounds. 

82. Counter technique was greatly simplified by the discovery by 
Trost (1935, 7) that counters filled with a mixture of an organic vapoiir 
(e.g. e^hyl alcohol) and a permanent gas show excellent properties. The 
alcohol counter is a perfectly reliable instrument and can be used for 
precision work. 

(b) The Discharge Mechanism of the GM Counter 

83. The discharge mechanism of the GM counter was studied in detail 
and explained by Cosyns (19366). 

Similar investigations, apparently without knowledge of Cosyns's 
work, were carried out by C. D. and D. D. Montgomery (1940), Ramsey 
(1940), Stever (1942), and others. The role of the organic vapour in the 
discharge of counters has been investigated by Korff and Present (1944). 

The discharge in a counter is initiated by the production of at least 
one positive ion and a free electron. The electron is accelerated towards 
the anode by the electric field. In the immediate vicinity of the anode 
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the acceleration is so great that the electron ionizes by collision and thus 
liberates more electrons. The secondary electrons produce further ioniza- 
tion and an electric discharge results. The condition for the onset of 
a discharge is roughly that the potential drop along a mean free path 
of an electron in the vicinity of the anode should exceed the ionization 
potential of the gas molecules. 
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FIG. 6. External quenching of counter discharge. 

According to the experiments of Werner (1934) the actual condition 
for counting action to set in is that the potential drop along seventy 
mean free paths exceeds 400 V. 

84. The discharge proceeds in the following way. 

In the region round the anode, where the potential gradient is suffi- 
ciently large, positive and negative ions are produced and secondary 
electrons are set free. The negative charge is absorbed by the anode 
and the positive ions having a small mobility remain, giving rise to an 
increasing amount of space-charge. The space-charge weakens the field 
until secondary ionization ceases and the discharge comes to arf end. 

For a short period t d the ions remain in the vicinity of the anode. 
This period lasts for 10~ 4 to 10~ 3 seconds and during this time the 
counter remains insensitive to ionizing particles. 

The positive ions are eventually driven off and neutralized at the 
cathode. While the positive ions are dispersing, the field in the vicinity 
of the anode increases in strength ; it reaches its full strength as soon 
as all ions have disappeared. There is a period t r for which the field, 
though not fully recovered, is already strong enough to make the counter 
sensitive. This period is of the same order as the dead time and is usually 
called the recovery time. 

The dead time and recovery time were discovered by Cosyns (19366). 
They were also investigated independently by Stever (1942) and by 
others. 
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After dispersal of the positive ions the discharge does not necessarily 
come to an end. The positive ions have a tendency to emit secondary 
electrons on impact with the cathode. These electrons give rise to 
secondary discharges. There are two ways of preventing secondary 
discharges. 

(c) Quenching of the Counter Discharge 
External quenching 

85. A large leak resistance R is used (Fig. 6). The current flowing 
during a discharge produces a voltage drop across the resistance E. If 
the resistance is sufficiently high, then this potential drop reduces the 
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FIG. 7. JSTeher-Harper circuit. 



potential between the counter electrodes to a value below the starting 
potential of the counter and thus cuts off all further discharges. 

How large a resistance R is required to cut off the discharge depends 
on the characteristic of the discharge in particular of the nature of the 
gas. Qosyns found that comparatively low resistances can be used with 
pure hydrogen or with a mixture of hydrogen and a rare gas. 

Resistances of the order of 10 10 to 10 11 ohm were frequently used. 
Hydrogen counters, however, can be used with resistances as low as 
10 9 ohm. It is of advantage to use non-ohmic resistances. Cosyns 
recommends the use of a very hard photocell illuminated by a small 
lamp: the illumination can be varied in order to adjust the saturation 
current through the cell. 

The great advantage of the hydrogen counter in comparison with the 
alcohol counter is its greater stability; in particular the hydrogen 
counter is independent of temperature while alcohol counters deteriorate 
when used at low temperatures. 

The alcohol counter, however, has the advantage of short recovery 
time and is also easy to manufacture. 
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Instead of relying on the quenching of the discharge by means of 
an external resistance Neher and Harper (1936) use a pentode which 
cuts off the H.T. of the counter soon after the discharge has set in. The 
circuit diagram is given in Fig. 7 (see also Maze (1941)). 

Getting (1938) used a multivibrator circuit for cutting off the H.T. 
after onset of a discharge. This method was further elaborated by 
Simpson (1945) and Hodson (1948) (see also App. IV). 

Internal quenching 

86. The discharge in counters containing alcohol vapour is quenched 
internally Trost (1935-7). It seems that in the presence of alcohol 
vapour no secondary electrons are emitted after the initial discharge has 
been stopped by the space- charge. As the quenching of the discharge is 
independent of the leakage resistance, this resistance can be small and 
the time constant of the counter output can be made short. 

The function of the organic vapour in quenching the discharge was 
investigated by Korff and Present (1944) and was found as follows: 

1. The organic vapour molecules being very heavy help to set up 
the positive space -charge round the anode. 

2. The organic vapour molecules absorb photons and thus prevent 
the discharge from spreading away from the anode. 

3. The organic vapour molecules prevent the emission of secondaries 
from the cathode after the impact of the positive ions. 

Spread of discharge 

87. It was shown by Erode (quoted by Stever (1942)), Ramsey (1942), 
Wilkening and Kane (1942), and Stever (1942) that counter discharges 
spread quickly along the counter wire. The amount of charge liberated 
in a fast counter discharge is proportional to the length of the wire, and 
therefore it must be assumed that the discharge takes place uniformly 
along the wire. The spreading of the counter discharge was demonstrated 
as follows. The cathode of a counter was split in the middle (Fig. 8). 
The anode was kept at a constant potential and pulses were registered 
from both halves of the cylinder. It was found that pulses always 
occurred simultaneously on both halves of the cylinder, showing that 
discharges started in either half of the counter spread to the other 
half. It was further shown that a small bead placed on the counter 
wire was sufficient to stop the spreading of the discharge. It was con- 
cluded therefore that the spread takes place in the region immediately 
surrounding the wire. The spread is probably due to photons. 



87} 



GElGER-MttLLER COUNTERS 
.Bead 



41 




HT + 



Recorder 



FIG. 8. Investigation of the spread of discharge along the counter wire. 

(d) Efficiency of Counters 

88. (i) The efficiency / of a counter is defined as the probability 
that a discharge is initiated by a particle crossing the sensitive volume. 
The quantity 1 / may be called the lack of efficiency. The efficiency 
of a counter will be found smaller than unity for two reasons. A 
particle may pass through a counter without giving rise to any ions. 
This may happen either because the path of the particle through the 
counter is shorter than the mean free path for an ionizing collision or 
because of fluctuations. The efficiency determined by this process in- 
creases with the pressure inside the counter (Cosyns, 1934). Danforth 
and Ramsey (1936) measured the efficiency of a counter as a function 
of the pressure and used the results to determine the density of primary 
ions along the path of cosmic -ray particles. More refined experiments 
of this type were carried out by Cosyns (1937, 42). 

(ii) 'Particles passing through a counter during the dead time follow- 
ing a discharge will cause no new discharge, while particles passing 
through the counter during the recovery time will give rise to pulses 
smaller than usual. A counter is therefore inefficient for a time t after 
each discharge given by 

t = t d +*t r , 

where a has a value between and 1 depending on the minimum size 
of pulse required to set off the recorder. The efficiency determined by 
the above process is found to be 

/o= 1-tf, 

where r is the rate of discharges registered. For r ~ 5 per sec. and 
t = 2. 10~ 4 sec. one finds / = 99-9 per cent. This is of the same order 
as the values observed by various observers for fast counters. 
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(iii) For a slow counter some inefficiency arises due to the fact that 
for some time after each discharge the counter voltage owing to the 
external resistance is reduced to a value below starting potential. 

The recovery time of a slow counter is of the order of T sec. The 
lack of efficiency of slow counters is therefore much greater. 

(iv) It was shown by Rose and Ramsey (1941) that in counters con- 
taining some electro -negative gas molecules all electrons liberated by 
the primary passing through the counter may be captured and the 
discharge may be delayed or even prevented. 

The most serious source of inefficiency is the dead time of the counter 
after discharge. To shorten the dead time of a counter Simpson (1945) 
and also Hodson (1948) apply a strong negative pulso on the counter 
wire after discharge and, before it has time to disperse, the positive ion 
cloud is absorbed through the counter wire. It is found that the dead 
time of a counter can be shortened in this way. 

2. The Recording of Counter Discharges 

(a) Single Pulses 
Slow counting rates 

89. A simple recorder for counter discharges is shown in Fig. 9 (a) 
and (6). 
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FIG. 9. Recording of counter discharges. 

In the circuit of Fig. 9 (a) the negative pulse arising on the anode of 
the counter is fed to the input of a triode or pentode. The reversed and 
amplified pulse is fed from the input valve to the grid of a gas-filled 
relay which controls the mechanical recorder. The mechanical recorder 
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may be of the type used by the G.P.O. to record telephone calls or the 
high-speed 'Cenco' counter (compare Neher (1939)). 

The discharge in the gas-filled relay initiated by the counter discharge 
can be cut off by a switch in the anode circuit of the relay operated by 
the mechanical recorder. Difficulties arise sometimes due to the electric 
disturbance caused by this switch. Circuits for the electric quenching 
of the discharge of the relay have been given, e.g. by Pickering (1938). 

Instead of reversing the counter pulses by an extra stage the gas- 
filled relay can be operated directly from the counter as shown in 
Fig. 9 (6), where the pulse is taken from the cathode instead of the 
anode (e.g. Curren and Petrzilka (1939)). The circuit shown in Fig. 9 (a) 
is usually preferred. If the counter is used at some distance from the 
amplifier a cathode follower stage (see App. IV) may be inserted. 

Counting of fast rates 

90. A loss of counts is incurred because the mechanical recorder is 
unable to record a pulse while resetting. The resetting time t = *\\M , 
where M is the maximum counting rate of the counter. Recording 
random input pulses, the relation between the recorded rate r and the 
true rate r is 



If r <^ M , that is, if the correction is small, eq. (4) can be used safely; 
the correction becomes uncertain when r approaches M . One can some- 
times avoid large correction by using high-speed recorders. For a G.P.O. 
counter M ~ 25 per sec. The Cenco counter can be adjusted so as to 
give M 1,000 per sec. 

Alternatively the output rate can be reduced in a constant ratio by using 
an electric scaling device. The simplest scaling device uses a condenser 
which stores a constant amount of charge for each input pulse. A gas 
discharge tube is connected across the condenser, and after a certain 
number of pulses the discharge tube strikes and discharges the con- 
denser. A large scaling ratio can be obtained in this way but this type 
of circuit has not been found to be very stable. 

Some authors make use of an integrating circuit which allows the 
average counting rate at any instant to be read. A circuit used by Cosyns 
and de Bruyn ( 1 934) is shown in Fig. 10. The amplifier operates a delicate 
relay A. For each pulse the relay charges a small condenser C^. The 
condenser is discharged into the larger condenser (7 2 , which is bridged 
by a resistance B. The voltage across the resistance R adjusts itself to 
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such a value that the current through JB becomes equal to the average 
rate of charge supplied from 0^ to (7 2 . Thus the voltage across R is a 
direct measure of the counting rate. This voltage can be measured with 
an electrometer. 

Similar circuits are described by other authors. 



Amplifier 




Electrometer 



Fio. 10 Integrating circuit (Cosyns and de Bruyn). 




FICI. 11. Wynn- Williams scale-of-two. 

91.* A reliable scaling circuit has been devised by Wynn-Williams 
(1931). This circuit consists of a number of similar scale-of-two units 
in series, thus giving a scaling ratio of 2 n when n units are used. The 
Wynn-Williams unit consists of two gas -filled relays in parallel as shown 
in Fig. 11. The two gas-filled relays are symmetrically arranged and 
usually one of them is discharging while the other is in the non-conduct- 
ing state. Assume relay A (Fig. 11) has been struck. A positive input 
pulse applied to the grids of the two relays will strike a discharge in B 
but will not affect the discharge in A. The resulting sudden drop of 
potential on the anode of B is fed to the anode of A through the con- 
denser (7, quenching the discharge of A. Thus a positive input pulse 
causes the discharge to ' jump' from the one relay to the other. Negative 
input pulses have no effect, as a discharging relay cannot be controlled 
by the grid. The output of the scale-of-two is taken from the plate of 



91] 



GEIGER-MtTLLER COUNTERS 



45 



one of the relays, say B. Positive input pulses give rise alternately 
to positive and negative output pulses. The output is fed either to 
another scale-of-two unit or to the grid of a gas-filled relay. In both 
cases only the positive output pulses and therefore only alternate input 
pulses will be effective. 

The Wynn-Williams circuit has been improved by W. B. Lewis (1934). 

92.* Scaling circuits have also been devised using hard valves only 
(see Neher (1939) for a summary). As an example we describe an 




Outpub 



FIG. 12. Scale-of-two (Frisch). 

unpublished circuit due to Frisch. The circuit diagram is shown in 
Fig. 12. It consists^ of two pentodes. The screen-grid of the pentode 1 
is connected to the plate of the pentode 2 and the plate of the pentode 1 
is connected to the screen-grid of the pentode 2. As the circuit is 
symmetrical with respect to the two pentodes a state is possible in 
which both pentodes carry equal anode and screen currents. For a 
suitable choice of circuit components, however, this state is unstable, 
and the stable states are those in which the one pentode carries con- 
siderably larger current than the other. The input pulses are applied 
simultaneously to the suppressor grids of the two pentodes. Positive 
input pulses will increase for their duration the difference between the 
anode currents of the pentodes without producing a lasting effect. 
A negative pulse on the other hand will cut off both anode currents, and 
after the passing of the negative pulse the excess of anode current will 
have to establish itself in one of the two pentodes. If the state of the 
circuit were perfectly symmetrical after the currents have been cut off, 
the excess current could establish itself at random in one of the pentodes. 
An asymmetry, however, is introduced by the 'memory circuit' consist- 
ing of the condenser C and the resistances B 19 R%. The discharge of 
the condenser C through E gives rise to a negative bias to the pentode 
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which previously carried the excess current. Because of this bias the 
excess current builds up in the other pentode. Thus the excess current 
is switched over from one pentode to the other by negative input pulses. 
Alternative positive and negative output pulses are obtained from one 
of the plates. 

(b) Coincidence Counting 
The Rossi circuit 

93. Simultaneous discharges of a number of counters are called 
coincidences. A coincidence between n counters can be caused either 




FIG. 13. The Rossi cirouil. 



by one particle passing through the counters or by a number of simul- 
taneous particles discharging the counters individually. 

Coincidences are usually recorded by a circuit due to Rossi (1930) 
(Fig. 13). Each counter is connected to the grid of a pentode. The 
plates of the pentodes are connected together, and they are fed through 
the common load resistance E. The value of the resistance R is large 
compared with the impedance of the pentodes; values between 0-2 and 
1 Mli are usual. Most of the voltage drop takes place across R and the 
plates are kept at a voltage amounting to a small fraction of the applied 
voltage O. The total current does not change much if the anode currents 
in some of the pentodes are cut off by negative pulses applied to the 
grids as long as at least one pentode remains conducting. The voltage 
at the point B where all the anode leads meet will therefore not change 
appreciably when some of the pentodes receive negative pulses. If, 
however, all the pentodes receive negative pulses simultaneously, the 
anode current will be cut off completely, and a large voltage pulse at 
the point B results. A gas-filled relay coupled to the point B can be 
made to respond to the large coincidence pulses but not to the smaller 
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pulses due to discharges not involving all the counters. As the difference 
in size between the two types of pulse is large it is easy to discriminate 
between them. 

Resolving time 

94. Any arrangement recording coincidences is bound to record both 
genuine and also accidental coincidences, i.e. coincidences caused by 




FIG. 14. Grid voltage and anode current variation caused by counter discharge. 



independent particles arriving at too short an interval to be resolved 
by the arrangement. The resolving time of the Rossi circuit depends 
on the values of the components and is estimated as follows. 

TheVoltage pulse on the grid of one of the pentodes is shown schemati- 
cally in Fig. 14. The voltage drops rapidly to some negative value $ 
and rises again exponentially to the original value. The anode current 
of the pentode is cut off rather suddenly when the grid approaches the 
value O . The change of anode current with time is also shown in 
Fig. 14. The anode current pulse is nearly square. One finds easily that 
the width of the anode pulse is approximately 



_ log(0/* ) 
T _ _ __ , 



(5) 



where R is the resistance of grid to earth, C is the sum of the capacities 
of counter wire and grid. With (7=2. 10~ 5 /zF, R = 0-1 Mfi, r is found 
to be of the order of a few micro-seconds. Shorter resolving times cannot 
be obtained with the ordinary Rossi circuit because of the finite break- 
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down time of the counter voltage which is itself of the order of a micro- 
second. Resolving times down to one micro-second can, however, be 
obtained by inserting one or more amplifying stages between the counter 
and the input of the Rossi circuit. The amplifying stages are used to 
' sharpen' the pulse obtained from the counter (compare e.g. Maze, 1941). 

A coincidence circuit with a resolving time better than 10~ 7 sec. has 
been described by Bradt and Scherrer (1943). The disadvantage of too 
high resolving power circuits is that they lead to loss of genuine coinci- 
dences. The time of travel of electrons through the counter is not much 
less than 10~ 7 sec. and therefore random delays of this order are to be 
expected betwen the passage of the particle and the onset of the dis- 
charge, hence genuine coincidences are sometimes separated so much 
that they are not recorded by a high resolving amplifier. 

Rossi and Nereson (1942) find delays up to a fraction of a micro- 
second in ordinary* alcohol argon counters. According to Bradt and 
Scherrer (1943) half of the pulses are delayed up to 3.10~ 8 sec. 

Accidental coincidences 

95. Consider n counters, the rates of pulses registered by the counters 
being N l9 N 2 ,...,N H . An accidental n-fold coincidence takes place when 
each of the counters registers a pulse inside an interval r, where r is the 
resolving time of the recorder. The rate of accidental coincidences due 
to w-fold overlappings can be shown to be 

A n = nN l N yi ...N n r n - l + terms of higher order in r. (6) 

Compare e.g. Eckart and Shonka (1938); for terms of higher order 
Schrodinger (19446) and Janossy (1944a).f Under practical conditions 
NT <^ 1 and therefore the terms of higher order are usually negligible. 
In particular for n = 2 one finds 

A 2 = 2N 1 N 2 r+... = N 1 e- N ^+N 2 e~ N ^~(N l +N 2 )e-( N ^ N ^. (7) 

When evaluating the rate of accidental coincidences in an n-fold 
arrangement, n > 2, one finds that this rate consists of a number of 
terms. Accidental coincidences will arise when a genuine (n I) -fold 
coincidence overlaps with a single pulse in the nth counter. The rate 
of such coincidences is given by 

2(ffiitfi+^?ii^ of higher order, 

| The exact expression is 
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where V^-i i g ^ e ra ^ e f genuine (n l)-fold coincidences which are not 
accompanied by the discharge of the ith counter. Accidental coinci- 
dences arise further from the overlap of genuine (n 2)-fold coincidences 
with two single pulses and so on. The contributions thus obtained are 
of the order of r,r 2 ,..., and so on. It is useless, however, to add the 
various contributions unless the 'terms of higher order' (eq. (6)) are 
included in every contribution. 

In many practical cases it is sufficient to neglect all but the term in r. 

Determination of the resolving time 

96. The simplest method of determining the resolving time r of an 
arrangement is to record coincidences of two distant counters. If the 
distance is sufficiently large, the rate of genuine coincidences can be 
assumed to be small and most of the coincidences recorded can be taken 
to be accidental. From the observed rate of accidental coincidences r 
can be determined by means of (7). This method is, however, reliable 
only if the resolving time of the arrangement is long, that is, of the order 
of 100 /Ltsec. or more. For shorter resolving times the accidental rate 
may be of the same order as the rate of coincidences due to extensive 
air showers even for distances between the counters of the order of a 
few metres. 

A short resolving time can be determined, however, by exposing one 
or both of the separated counters to a radioactive source. By comparing 
the increase of coincidences accompanying the increased single rates the 
resolving time of the arrangement can be determined. 

The resolving time of an arrangement can also be determined directly 
either Jby applying artificial pulses with known time interval to the 
inputs (compare Getting (1937)), or by counting genuine coincidences 
and delaying electrically the input pulses to one input. The time of 
delay sufficient to decrease the coincidence rate noticeably is equal to r. 

Modifications of the Rossi circuit 

/ 

97. For a large number of experiments it is useful to modify the Rossi 
circuit. Take as an example the recording of showers by means of n 
counters placed in a horizontal plane. Coincidences between some of 
these counters will be caused by particles moving in a nearly horizontal 
direction and by showers of particles. Showers are expected to discharge 
some of the counters, and the set can be made very sensitive to showers 
if it is arranged that coincidences between any two counters are recorded. 

A very simple circuit can be employed for the recording of any twofold 

3695.40 TO 
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coincidence between three counters. The diagram is shown in Fig. 15. 
Each of the three counters is connected to two out of three pentodes so 
that there is one pentode corresponding to each counter to which it is 
not connected. It is seen easily that discharges of any two of the 
counters affect all three pentodes. Thus if the pentodes are used with 
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FIG. 15. Counting of twofold coincidences between three counters. 

a common load in an ordinary Rossi circuit then large output pulses 
are obtained whenever at least two counters discharge. 

The above method can be used with advantage in many other cases. 
Before designing more complicated amplifiers to Delect coincidences of 
a specified type one should find out whether the selection can be ob- 
tained more simply by cross connexions as described above. 

Anticoincidences 

98. It is often desirable to ascertain whether some counters of a. given 
arrangement are not discharged while the others take part in a coinci- 
dence. Coincidences of this type are usually called anticoincidences. 
An anticoincidence 1, 2, A for instance means a coincidence between 
the counters 1 and 2 which is not accompanied by the discharge of the 
counter A. 

The following method is often suggested for the recording of anti- 
coincidences (compare e.g. Strong, Laboratory Technique). The negative 
counter pulses are fed to pentodes in the usual way, but the impulse of 
the anticoincidence counter is reversed and the anode current of the 
pentode corresponding to the anticoincidence counter is cut off by 
negative bias (Fig. 16). Usually therefore the pentodes in the coinci- 
dence stages carry current while that of the anticoincidence stage does 
not carry current. 
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A large voltage pulse at the junction of the plates is obtained therefore 
when all the coincidence pentodes receive negative pulses, as in this case 
the anode current is cut off completely for the duration of the pulse. 
If, however, the coincidence is accompanied by the discharge of the anti- 
coincidence stage, then the anticoincidence pentode becomes conducting 
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FIG. 16. Anticoincidence amplifier. 

for the duration of the pulse, and the current through the anticoincidence 
pentode suppresses the voltage pulse and no coincidence is registered. 

This circuit cannot be recommended, however, if a very strict selection 
of anticoincidences is required. 

99. No anticoincidence circuit can discriminate absolutely between 
coincidences and anticoincidences. It is, however, possible to make the 
discrimination safe in one direction: i.e. a discriminator can be made 
so as tb reject all coincidences, but it cannot be avoided that such a 
discriminator would also reject occasionally some anticoincidences. 
The opposite extreme would be a discriminator which passes all anti- 
coincidences but occasionally passes also some coincidences. 

The intermediate type would be a discriminator which is subject to 
both kinds of errors: occasional passing of coincidences and occasional 
rejecting of anticoincidences, the two errors compensating each other 
on average. 

Which of the three types of discriminators is preferable has to be 
decided with a view to the experimental requirements. For many applica- 
tions, especially for the investigation of non-ionizing radiation, the first 
type of requirement is needed. In such experiments (see 288, 296) a 
few anticoincidences may be missed, but it is of importance that no 
coincidences should be recorded for anticoincidences. 
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100.* A circuit which is safe in rejecting all coincidences was designed 
by Rossi and co-workers (1940). The circuit is shown in Fig. 17. Its 
function is briefly as follows. 

The coincidence pulses are fed to the grid of a gas-filled relay T while 
the anticoincidence pulses are fed to the grid of a second gas-filled relay 




)-1ZY 

FIG. 17. Anticoincidence amplifier. 

T 2 . The pulses initiate arcs in the gas-filled relays; by a suitable EC 
circuit these arcs are quenched and the relays reset after about 100 /isec. 
The coincidence pulse is delayed and shortened by a pentode V l and fed 
to a second pentode V' r The anticoincidence pulse is fed directly to a 
pentode V%. The pentodes V( and V 2 operate in a way similar to the 
pentodes P and P A in Fig. 16. Thus the pentode V 2 is biased So as to 
carry no current in the passive state while V[ carries full current in the 
passive state. 

An anticoincidence cuts off the current in Fi and does not affect V 2 , 
thus such a pulse gives rise to a large rise of potential in the output, 
and thus sets off the recording relay. 

A coincidence which is not an anticoincidence operates both pentodes 
Fi and V 2 . But owing to the shaping of the coincidence pulse in the stage 
V l the current in V[ is cut off after the current in V z has come on, and 
the current in V[ starts again before the pentode V 2 has gone back to 
its passive state. Thus the action of the two pentodes overlap and no 
coincidence is recorded even should the anticoincidence counter dis- 
charge be slightly delayed due to some accidental process as discussed 
in 88. 
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We note that the slow recovery of the relays T : and T 2 , far from being 
a disadvantage, is in fact an essential feature of the circuit. 

During the recovery time of T% the amplifier is effectively blocked. 
This time, however, coincides with the dead time of at least one of the 
anticoincidence counters. But during the dead time of any of the anti- 
coincidence counters the anticoincidence system is not fully effective 
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FIG. 18 (a). Anticoincidence amplifier. 

and thus safe discrimination is not possible during such a period. Thus 
the relay T 2 blocks the amplifier during such periods in which safe 
discrimination between coincidences and anticoincidences is impossible. 

During the recovery time of T 2 some genuine anticoincidences are also 
suppressed. This loss of anticoincidences cannot be avoided if it is 
essential to have strict discrimination. 

101.* If no extreme discrimination is needed simple methods can be 
used. For instance, anticoincidences 1, 2, A can be recorded as follows. 

We record simultaneously coincidences 1,2 and coincidences 1,2,^4. 
The difference between the counts obtained is equal to the number of 
anticoincidences. It is, however, important that the two types of co- 
incidences are observed simultaneously. 

These coincidences can be recorded by different methods, but we shall 
describe two of them Fig. 18 (a) and (6). 

Two pentodes (Fig. 18 (a)) are controlled by each of the coincidence 
counters 1,2, while a fifth pentode is controlled by the anticoincidence 
counter A. Two pentodes, one from each coincidence counter, are con- 
nected in one Rossi circuit while the remaining three pentodes are 
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connected in an independent Rossi circuit. Whenever the twofold 
circuit responds without the threefold we have an anticoincidence. 

The second method is as follows: 

Each counter is connected to a separate pentode (Fig. 18(6)). The 
coincidence pentodes are fed through a common load resistance R l while 
the anticoincidence pentode is fed through the same resistance but also 




FIG. 18 (b) Anticoincidence amplifier. 

through an additional resistance E 2 . Pulses at the junction of the anode 
leads caused by counter discharges are of different sizes. 

1. In case of a coincidence between all of the three counters the 
currents in all pentodes are cut off and a very large pulse results. 

2. In case of a coincidence 1,2 not accompanied by A the coincidence 
pentodes are cut off; the size of the resulting pulse is, however, 
reduced due to the current flowing through the resistance R 2 and 
the last pentode. 

3. In case of coincidences not involving all the coincidence pentodes 
only very small pulses are obtained due to the current flowing 
through the unaffected coincidence pentode. 

The pulses are fed to the grids of two gas-filled relays, and by means 
of suitable bias these relays discriminate between the very large pulses 
corresponding to coincidences 1, 2, A and the large pulses corresponding 
to coincidences 1,2, without A. 

Self-recording counters 

102.* It is often useful, particularly for recording showers, to have 
the following arrangement. A number of counters S each control a 
neon lamp. Whenever a set of master counters records a coincidence 
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the neon lamps record which of the counters S has been discharged 
simultaneously with the coincidence. 

Circuits serving this purpose have been given by Johnson and 
Stevenson (1933), Janossy and Ingleby (1942). A large set containing 
over a hundred neon lamps has been constructed by V. H. Regener 
(1943). 

Regener 's| circuit is shown in Fig. 19. It works as follows. Neon 
bulbs s v s 2 ... are controlled by the counters S V S 2 ... in the following way. 
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FIG. 19. Self-recording unit (Regener). 

The neon lamps s are usually on. A master pulse extinguishes for a short 
time all the bulbs s except those which correspond to counters 8 taking 
part in the coincidence. 

The bulbs s are covered by a shutter. The shutter opens shortly after 
each master pulse M, and while the shutter is open all the neon lamps 
which have not been extinguished by the master pulse are recorded 
photographically. 

The grids g l and g 2 of the hexode are earthed through the resistances 
R and R%\ the neon bulb is inserted into the anode circuit and the bulb 
is on in the quiescent state. The neon lamp is by -passed by a 0-05 MO 
resistance. For each master pulse a positive pulse is applied to the grid 
<7 2 . The positive pulse draws grid current and after the pulse a negative 
charge is left on the grid y 2 . This charge leaks away slowly through the 
large resistance J? 2 anc ^ the anode current is blocked for a considerable 
time after the master pulse. The bulb is extinguished for the period 
where the anode current is cut off. 

The counter 8 is coupled directly to the grid g v The negative pulses 

t I am indebted to Dr. V. Regener for communicating the details of his circuit. 
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coming from the counter S cut off the anode current for short periods : 
these periods are too short to affect the neon lamps noticeably. If, how- 
ever, the master pulse comes simultaneously with the pulse of the 
counter S, then the master pulse cannot draw grid current as the current 
is cut off by the first grid g and therefore the anode current comes on 
again after the passing of the pulses. The bulb s will therefore be lit 
while the shutter opens provided the hexode has received simultaneous 
pulses M and S. 

The above circuit may appear at first sight to be unnecessarily compli- 
cated. It might seem simpler to have the neon lamps extinct in the 
quiescent state and flashing only while recording. It is found, however, 
that neon lamps which have not been flashed for a long time do not 
strike readily; Regener's method is of great advantage as the neon 
lamps are kept on all the time. 

Additional circuits are described in App. IV. 

Delayed coincidences 

103. For the direct measurement of the mean life of the meson it is 
necessary to record the time interval between a coincidence caused by 
an incident meson and the subsequent emission of the decay electron. 
Circuits of this type have been described by Maze (1941), Rasetti (1941), 
Auger, Maze, and Chaminade (1942), and by Rossi and Nereson (1942). 

C. THE CLOUD CHAMBER! 

104. The cloud chamber was invented by C. T. R. Wilson (1911) in 
the course of experiments on the formation of artificial clouds. It is now 
a research tool with a scope far greater than its application to costnic-ray 
phenomena. 

1. Technique of the Cloud Chamber 

(a) The Operation of the Cloud Chamber 
Expansion ratio 

105. Wilson studied cloud formation initiated by adiabatic expansion 
in a vessel. A cloud can be formed when a volume of gas, saturated 
with water vapour, is expanded adiabatically. The adiabatic expansion 
causes the gas to cool and to become supersaturated; in the presence 
of condensation nuclei droplets may be formed round these nuclei. 

An important characteristic of the expansion is the expansion ratio 9 
that is the ratio of the volume before and after the expansion. 

t Section C is largely due to Dr. J. G. Wilson. 
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At small expansion ratios condensation takes place round dust par- 
ticles. This kind of cloud formation is usually undesirable and it can 
be got rid of by expanding the gas several times in succession. The 
droplets forming round the dust particles contained in the gas fall in 
form of a fine rain to the bottom of the chamber carrying the dust 
particles away. 

106. Once the dust particles have been removed no condensation of 
water vapour takes place unless the expansion ratio exceeds 1'25. For 
expansion ratios exceeding b25 condensation takes place on negative 
ions. Condensation of water on positive ions starts for ratios exceeding 
1-31. At a very slightly greater expansion ratio other nuclei of condensa- 
tion become effective in numbers which increase rapidly as the expansion 
ratio is increased. 

For the investigation of tracks of fast particles one utilizes the ions 
which are formed along the path of the particle. In order to obtain 
satisfactory cloud tracks one has to adjust conditions so as to obtain 
drops on all ions produced by the fast particles accompanied by as 
small a number of background drops as practicable. 

Background 

107. Background condensation is caused by a number of processes. 
An important source of background is the formation of droplets at 
expansion ratios exceeding that necessary for the condensation of posi- 
tive ions. This last form of condensation takes place on uncharged 
molecules or small molecular aggregates, and the expansion ratio of 
onset is extremely sensitive to the contamination of the chamber by 
molecftles or aggregates, upon which condensation takes place more 
readily than in an uncontaminated chamber. Since the difference of 
expansion ratio between that appropriate to ion condensation and that 
for the background condensation is small, scrupulous care is required 
in practice to avoid the introduction into the chamber of materials with 
a tendency to increase background. Aluminium is usually considered to be 
an unsatisfactory material from this point of view, and its use in contact 
with the interior parts of the chamber is as a rule avoided; knowledge 
of contamination background is, however, still largely empirical. 

108. After a normal expansion into the region of ion condensation 
it is found that a certain number of nuclei persist in the chamber for a 
considerable time. They are probably formed by the incomplete evapo- 
ration of some of the droplets to small equilibrium size. For these nuclei 
condensation takes place with an ease comparable to that for small dust 
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particles. A succession of track expansions will quickly lead to an un- 
acceptable concentration of this additional background condensation 
and it is therefore necessary to remove these nuclei after using expan- 
sions into the ion condensation region. 

This can be done by means of normal expansions to an expansion 
ratio less than the ion limit. 

Mechanically it is more convenient to remove the nuclei formed after 
a normal expansion by a smoothed slow expansion to the full expansion 
ratio. In such a slow expansion the normal gas heating from the chamber 
wall does not permit the full supersaturation to be reached : the effect 
of the slow expansion is therefore equivalent to a fast expansion to a 
lower expansion ratio. 

Camera 





Light 
/ 
source 



Piston 
FIG. 20. Scheme of cloud chamber. 

(6) Construction of Chambers . 

(Compare Blackett (1927), Auger (1926)) 

109. The basic features of a cloud chamber for the photography of 
tracks is illustrated in Fig. 20. The chamber has a transparent window 
of good optical quality facing the camera. The cylindrical wall is also 
transparent, the illumination entering through this wall. The expansion 
is made by moving the piston mechanically through a determined 
distance. 

Since the expansion ratio of the chamber requires frequent adjust- 
ment, it is necessary to furnish means to adjust continuously the stroke 
of the piston. 

As a rule the piston is made to move between stops, of which one set 
is adjustable from outside the chamber. 

110. The chamber is operated either at the will of the observer or by a 
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trigger system such as the counter control (see 123), In either case 
the photograph of tracks is taken a fraction of a second after the 
expansion has been made. This may be done with a normal photographic 
shutter, but it is frequently profitable to place the apparatus lamp in a 
passive state chamber and camera in a dark enclosure and flash the light 
source in order to take the photograph. So much light is needed that 
the heating effect of a continuously running lamp would give rise to an 
appreciable disturbance of the chamber. 

111. An electrostatic field within the chamber sweeps ions out of the 
gaseous volume very shortly after their formation. The ions formed 
within a small fraction of a second before expansion, or during the 
period after the expansion for which sufficient supersaturation persists, 
stand out conspicuously, and give droplets very close to their points of 
formation. The track of a fast ionizing particle therefore appears as a 
line of droplets, the number of drops corresponding to the number of 
ions formed. 

Limits of expansion ratio 

112. The expansion ratio for a particular condensation phenomenon 
(for example that for condensation on ions of a given sign) is defined 
as the ratio of volume of chamber after the expansion to volume of the 
chamber before the expansion, the expansion being assumed to be 
sufficiently rapid to make conditions adiabatic. 

Practical interest is confined to the ion condensation limits of various 
vapours for which ion condensation takes place at an appreciably lower 
ratio than the background condensation (Przibram (1906), Laby (1908)). 
There.is a different limiting ratio for condensation on negative and posi- 
tive ions; water appears to be unique in condensing preferably on 
negative ions. 

113. The numerical value of the expansion ratio is a function of gas 
and vapour. As regards the gas, the expansion ratio is determined to 
give a certain drop of temperature, dQ ; hence for adiabatic change 



Monatomic gases (y = f ) therefore require smaller expansion ratios than 
diatomic gases (y = f), and usually argon is used when the distortion 
attending expansion is to be reduced to a minimum. 

Since the condensing vapour is as a rule polyatomic, and is present 
to a constant vapour pressure, the expansion ratio is a function of the 
total pressure; in very high pressure chambers (Johnson, Benedetti, and 
Shutt (1943)) the effective y is almost that of the permanent gas and the 
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expansion ratio correspondingly low, while at low pressures y is reduced 
towards that of the vapour and a higher expansion ratio is required. 

Vapours requiring a smaller expansion ratio than pure water are 
known, and in particular ethyl and propyl alcohols and their aqueous 
mixtures have been studied. In these mixtures the expansion ratio for 
ion condensation varies continuously with composition, and there is a 
mixture of minimum expansion ratio (Flood (1934)). 

114. Combinations of gas and vapour with low expansion ratios are 
of practical importance when precision measurements are to be made on 
tracks of particles which traverse the chamber before expansion. The 
distortion of such a track at expansion is ideally a simple strain in one 
dimension, but this clearly fails to describe the motion in the neighbour- 
hood of the chamber walls and of absorbing plates within the chamber. 
Deviations from the simple motion are reduced to a minimum by re- 
ducing the whole of the motion as far as possible. The monatomic 
gases with water alcohol mixtures are generally preferred for use in 
counter-controlled expansion chambers. 

Spreading of the negative ions due to slow transition from free elec- 
trons to heavy negative ions has been reported when a pure monatomic 
gas was used. A small proportion of oxygen is frequently added there- 
fore to minimize such spreading. 

Sensitive time 

115. When a cloud chamber is expanded to a degree slightly greater 
than the minimum required to permit condensation on ions, the sensi- 
tive time of the chamber is the interval between the time when minimum 
supersaturation is first attained and that at which it is last present as 
the whole of the gas of the chamber heats up. 

A considerable sensitive time is of value in some cosmic-ray applica- 
tions, but it must be emphasized that the sensitive time is not the 
distortion-free time, and applications involving precise measurements 
require the selection of tracks over an extremely short range of time. 

116. In the absence of heavy condensation, and assuming the initial 
supersaturation to be attained instantly, Williams (1939 a) showed that 
after expansion the gas near the chamber wall is heated by conduction 
and that the gas remote from the walls is then compressed adiabatically. 
This central mass of gas therefore all becomes insensitive for track 
formation at the same time. Williams gives the expression 
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for the sensitive time t , where i/* is the volume and Sf the total surface 
area of the chamber, K is the thermal conductivity of the gas, s is the 
specific heat, r is the expansion ratio, and r Sr the smallest ratio for 
ion condensation. This relation applies only in a chamber sufficiently 
large to have a region for which conductive heating is inappreciable in 
the time t. The sensitive time is further limited by condensation, which 
simultaneously leads to depletion of vapour in the body of the chamber 
and the release of heat of condensation. 

The sensitive time may be artificially extended by the method 
described by Beardon (1935) in which the fall of supersaturation is 
counteracted by a continued slow expansion. 

Resolving time 

117. The interpretation of observations either with counter systems 
or with the cloud chamber must frequently be based on the assumption 
that particles are contemporary and are thus associated in origin. The 
resolving time, the minimum interval between events for which the 
existence in difference of time can be established, is therefore an impor- 
tant constant either of counter arrays or of cloud-chamber arrangement. 

The cloud chamber is very much inferior to counter systems in its 
ability to distinguish events of small separation in time. In any photo- 
graph sharp tracks are formed on the trajectories of all particles entering 
the chamber between establishment of critical supersaturation and 
either the time of photography or the end of sufficient supersaturation, 
whichever is the earlier. Particles entering during this period cannot 
therefore be distinguished as to their time of entry. 

118.* Operating a chamber by counter control (see 123), the trigger- 
ing particles enter the chamber before the expansion, and the extent of 
the ion diffusion before expansion provides a measure of the age of 
individual tracks. 

Blackett (1934) has shown that X, the 90 per cent, breadth of the 
track image (i.e. the breadth containing 90 per cent, of the drop images), 
is given by x = 4 . 68 (9) 



where 3i is the diffusion coefficient of the ions and t is the time from 
the passage of the particle to drop formation. 

Only particles with a track breadth X corresponding to the time t can 
be regarded as simultaneous with the particles which have triggered 
the control system. Therefore in a counter-controlled photograph only 
the tracks with the breadth X as given by (9) can be regarded as 
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contemporary. If the photographic technique does not enable us to 
distinguish tracks of breadth X' from those of the breadth X, with 

fX<X'<X/f (/<!), (10) 

then the tracks formed during an interval 

y - *(/- 2 -/ 2 ) (11) 

appear to be of the same breadth. 

Under good conditions, / may be as great as 0-7, and in a chamber 
designed for rapid controlled operation t may be less than 0-01 sec., 
then T will be of the order of 0-01 sec.; no great improvement on this 
figure seems likely. 

In a slow chamber of the porous diaphragm type and with less 
critical technique, T may very easily become as great as O03 sec. 

Illumination 

119. The drops formed in an expansion are effectively fixed against 
further diffusion in times of the order 10~ 3 sec. and subsequently grow 
with a constant rate of increase of geometrical area, and so of scattered 
illumination. A typical value of the rate of growth is da 2 /dt = 5. 10~ 6 
cm. 2 /sec. (nitrogen). 

The practical delay before drops reach a size at which they may be 
photographed varies with the intensity of illumination, depth of focus, 
magnification, etc., but is usually somewhat greater than the time of 
expansion. It thus plays a dominant role in the degree of distortion 
developing before photography, and particular attention is necessary 
to ensure that it is of the shortest possible duration. 

120. Webb (1935) has shown experimentally that drops scatter only 
a very small amount of light at right angles. Unfortunately, for practical 
reasons one has to use for the photography of tracks light which is 
scattered nearly at right angles to the illuminating beam (see Fig. 20). 
Very strong sources of illumination are therefore required. It is there- 
fore necessary to control the light beam very accurately so as to prevent 
those parts of the structure of the chamber to be illuminated which are 
in the view of the camera. 

Light sources which have been used with success include the con- 
denser discharge through mercury vapour at atmospheric pressure 
(C. T. R. Wilson), transformer discharge through a similar lamp 
(Blackett), flashing of a preheated carbon arc (Anderson), and for 
work not demanding rapid illumination, the overload flashing of tung- 
sten filament lamps with or without preheating. 

All of these sources are likely to be superseded by the condenser 
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discharge in rare gas mixtures at about atmospheric pressure between 
suitable electrodes. Lamps of this type have been developed recently 
with oustanding success and they appear to be exceptionally promising 
sources for chamber illumination (Hazen). 

(c) The Design of Cosmic-ray Chambers 
Constant pressure change and constant volume change 

121. All chambers which are used in cosmic-ray research are based 
either on the constant volume-change apparatus of C. T. R. Wilson 
(1911) or on the constant pressure -change 

apparatus also due to Wilson (1933). 

The latter does not seem to offer any signi- 
ficant advantage and is for many purposes 
inferior to the constant volume-change appa- 
ratus. The disadvantages of the constant 
pressure-change apparatus are that it is diffi- FIG. 21. Constant pressure- 
cult to make provision for an expansion ratio chan e ap ^[^ (C * T> R ' 
to remain constant without further attention 

for a long period of time. Further, the expansion is by nature slow in 
its later stages and therefore it does not lead to most rapid condensation 
on pre -expansion tracks. 

The use of a flow-controlling partition (see Fig. 21), first described in 
the pressure-change chamber, however, has frequently been applied to 
volume-defined chambers. Originally intended to control gas flow, the 
partition of velvet supported on a perforated metal plate has proved 
attractive as a photographic background. 

Wheh the greatest accuracy of gas flow is required, the function of 
this partition as a flow regulator is open to criticism, and for work of 
high precision, where minimum distortion of gas flow is essential, it has 
not been used. 

Requirements of the cosmic -ray chamber 

122. The particular characteristics of the cosmic -ray chamber design 
arise from the following necessities. 

1. The chamber has to be used in a vertical plane and therefore the 
liquid seal used in earlier chambers has to be replaced by some 
other means. 

2. The chamber geometry may have to conform with the geometry 
of field coils or may have to fit into the gap of an electromagnet. 
The expansion must be produced after the passage of the particle. 
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The first two of these requirements are sufficiently demonstrated by 
reference to Figs. 23 and 22: the first shows the design used by Blackett 
and Occhialini (1933) within a large solenoid. The second shows the 
chamber designed by Blackett for use in a large electromagnet, where 
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FIG. 22. Cloud chamber, adapted for use between the pole pieces of an 
electromagnet (Blackett, 1934). 

it is essential to allow the air gap of the magnet to be reduced as far 
as possible. 

2. Counter Control 

123. Blackett and Occhialini (1933) succeeded in triggering a cloud 
chamber by means of a counter telescope covering the chamber. In this 
way particles traversing the chamber could be photographed efficiently. 

The alternative method to counter control is to make expansions at 
random and to minimize the time for resetting and cleaning of the 
chamber. Using random expansions it is difficult to make the chamber 
sensitive to incoming particles for more than i^th to ^gth of the total 
time of operation. 
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Using random expansions the relative efficiency of a chamber can be 
increased by using large volume and long sensitive time. The particular 
advantage of the random expansion is that the chamber shows no bias on 
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FIG. 23. Layout of cloud-chamber mechanism (Blackott). 

the observed sample of particles, while a chamber with counter control 
necessarily introduces a bias connected with the geometry of the counters. 

Large chambers with long sensitive time are, however, unsuitable 
when precision measurements on the tracks are required. Therefore for 
precision work counter -controlled chambers are largely used. 

More recently, chambers have been operated by more discriminating 
counter arrays; such systems are described below (e.g. Chap. IX). 

(a) Technique of the Counter Control 

124. The technique of counter control has been fully discussed by 
Blackett (1934). It is shown that a track containing N Q ions per crn. 

3595.40 -P 

Jj 
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will diffuse in a time t so that the projected distribution of ions will be 
given by p(x) = N Q (n@t)-*e-**W, (12) 

where p(x) is the density of ion images at a distance x from the line of 
formation, and Of is the diffusion coefficient of the ions. The 90 per cent, 
breadth, X , of the track is given by 

X = 




Coincidence 
pulse 



HT- 



FIG. 24. Operation of the expansion. 

For air at N.T.P. for both positive and negative ions 2 is 
0-034 cm. 2 /sec., andjhence 

X = 0-86V*. (14) 

This result sets the time scale on which the counter control of cloud 
chamber must be based. If X is to be less than 1 mm., t musir be less 
than $jth of a second. 

This rapid operation is as a rule obtained by releasing pressure behind 
a piston held forward by excess air pressure, following the mechanism 
(Fig. 24) developed by Blackett and Occhialini. A mechanism in which 
the piston is held and released directly has been used with success by 
Anderson. 

125. When it is required to count drops along a track image in order 
to determine the density of primary ionization by the fast particle, 
expansion is delayed so that the ions are sufficiently separated by 
diffusion for the resulting drops to be distinguished. The electric 
sweeping field will be maintained during the expansion delay in order 
to separate positive and negative ions into two columns. In water 
vapour, for example, substantially complete condensation on positive 
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ions establishes that complete condensation on negative ions has taken 
place. This technique was applied by Corson and Erode (1938), Sen 
Gupta (1940, 3),andbyHazen(1944c); a photograph of Hazen's is shown 
on Plate 1. 

(6) Some Aspects of Counter Control 

126. Using counter control the number of significant photographs 
can be increased considerably. At the same time, however, some bias 
is necessarily introduced and a set of counter-con- 

trolled photographs cannot in general be taken as a 
random sample. The bias is particularly disturbing 
if photographs are taken with the view of deter- 
mining statistically some properties of the cosmic-ray 
beam. ch 

Consider as an example the determination of the 
momentum spectrum. Because of scattering of low- 
energy particles a counter-controlled chamber has 
always a bias towards high-momentum particles. 
It is therefore essential for the determination of the 
low-momentum part of the spectrum to use a random 

, , ,. , . r n- FIG. 25. Chamber 

chamber which is free of bias. controlled by triple- 

For higher-momentum values the bias becomes coincidence arrange- 
negligible and therefore the higher-momentum regions 
can be measured with a controlled chamber which has a much greater 
efficiency than the random chamber. 

127. Counter control was used very successfully to obtain photo- 
graphs of showers. Using, for example, a chamber controlled by the 
three counters of a triangular arrangement we expect a high proportion 
of the photographs to contain showers, as the coincidence arrangement 
responds to showers only. 

128. It must be pointed out, however, that the absolute rate of 
shower photographs is in general not increased but decreased by a 
selective control. The main advantage of the control is therefore that 
unwanted photographs are not taken. Take as an example the arrange- 
ment shown in Fig. 25 which is selective for showers. Connecting the 
two lower counters 2, 3 in parallel instead of having them in coincidence 
we can reduce the bias in favour of showers. Each shower, however, 
which is capable of setting off the arrangement when controlled by the 
more selective triple coincidences is also capable of setting off the 
arrangement when controlled by double coincidences. Besides, there 
are showers which set off only one of the counters 2, 3. Therefore the 
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absolute rate of shower photographs is, if anything, smaller with the 
triple-coincidence control than with the double-coincidence control. 

Rare phenomena 

129. The above argument must not be carried too far. There are 
cases where the more rigid control increases the absolute rate of the 
photographs of some rare types. 

Take as an example a search for slow mesons. It will be seen later 
( 277) that the rate of slow mesons traversing a chamber of average 
dimensions is less than 1 per hour. The rate of single particles is of the 
order of 2,000 per hour. 

Because of the resetting time of a chamber not more than about 
twenty successful photographs per hour can be taken. Thus working 
the chamber at its maximum speed one cannot take photographs of 
more than 20 particles out of every 2,000. The yield is therefore only 
about 1 per cent, of all particles and if the chamber is controlled by 
single particles one cannot expect to take photographs of more than 
1 per cent, of the slow particles traversing the chamber. 

Using a bias in favour of slow mesons the rate of photographs of slow 
mesons can thus be increased. In the most favourable case one can 
photograph all slow mesons entering the chamber, in this case the 
selective control increases the yield by a factor 100. 

Similar considerations show that by using a suitable control it should 
be possible to increase the yield of photographs showing meson decay. 

Selection has been used with advantage to obtain photographs of 
penetrating showers. 

130. A suitable counter control can also give information, about 
processes seen on photographs which could not be obtained from the 
photograph alone. 

An anticoincidence control, for instance, can reveal that showers seen 
inside the chamber are produced by non-ionizing primaries outside the 
chamber. 

Controlling a chamber by a set of counters spread out over a large 
area one obtains photographs of parts of extensive air showers. Such 
photographs cannot always be recognized as showing parts of extensive 
air showers except for the counter control (compare Ch. IX). 

3. The Cloud Chamber in a Magnetic Field 

131. Measurements of track curvature when cloud-chamber photo- 
graphs are taken in a magnetic field are of the first importance since 
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they can be used to determine the momentum and sign of the particle. 
The technique of curvature measurement on trajectories only slightly 
deviated in the field has up to now been confined to the province of 
cosmic-ray measurements; this method will therefore be treated in 
some detail. 

Curvature measurement 

132. The radius of curvature 9i of the track of a particle of momen- 
tum p MEV./c in a magnetic field of H gauss is given by 

* = \Pl(W-*H). (15) 

Hence the maximum deviation, d, of a length I of track from a straight 

line is o io-<W/2 

(16) 



For H 10 4 gauss, I = 30 cm., and bearing in mind that the width of 
the track is of the order of 0-1 cm., we expect to measure momenta of 
1,000 MEV./c readily, while momenta of 10,000 MEV./c should just be 
recognizable. The method described by Anderson (19336), and very 
widely followed, using a travelling microscope with micrometer eye- 
piece set at right angles to the main motion, gives a performance of 
about this standard. 

133. The actual measurement of curvature may readily be carried 
out to a much higher precision by a method due to Blackett (1937 a) 
and improved by Ehrenfest.f This is a null method in which the track 
image is reprojected through an achromatic prism, placed normal to the 
axis of the projection lens, on a magnesium-oxide coated screen which 
is viewed at grazing angle. The prism introduces a curvature, 9{, into 
the image of a straight line which is given by 



where & is the angle between the line and the principal plane of the prism . 
To measure the curvature of the curved track the value of & is deter- 
mined which produces a straight image, straightness being judged by 
visual inspection of the projected image at a grazing angle. 

The probable error of curvature measurement (referring to the actual 
curvature on the photographic plate) with an instrument of this type 
was found by Blackett to be 0-016 m.- 1 , corresponding to a radius of 
curvature on 2*5 cm. of the image of 60 m.! 

This device cannot be used for the measurement of curvatures greater 
than about 0-7r and hence this high accuracy of measurement is not 

f Unpublished. 
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available for low-momentum particles. The model of greatest range yet 
used (J. G. Wilson, 1939) allowed of measurement up to a curvature 
of 10 m.- 1 on the photographic plate, corresponding with H = 10 4 gauss 
and a photographic magnification of 0-1 to a particle momentum 

p = 300 MEV./c. 

Limitation of momentum measurement 

Distortions 

134. Disturbances and distortions render measurements of actual 
momenta very much less accurate than the mere measurement of 
curvature. 

The following are some of the most important sources of error of the 
momentum determination, apart from the error of measurement of 
curvature. 

1. There are a number of factors which tend to displace the track 
before photography. Such effects are: 

(a) Convection currents in motion in the chamber before expansion. 
(6) Turbulent motion and vortices produced at the expansion. 

(c) Convection currents developing after expansion from the tem- 
perature difference between the chamber wall and the adiabati- 
cally cooled gas. 

(d) Distortion arising from non-axial movement of the piston. The 
non-axial movement of the piston may be modified by eddy 
currents due to the magnetic field. 

(e) Fall of the droplets relative to the surrounding gas according to 
Stokes's law. 

All these distortions, except (d), develop after the expansidn and 
therefore they can be reduced by speedy photography. 

2. Distortions arise from faults of the photographic technique. We 
have to be careful to avoid the following distortions : 

(a) Distortion by the front plate of the chamber and by the photo- 
graphic lenses. 

(b) Distortion due to change of size and shape of the film at develop- 
ment. 

3. A serious limitation of the accuracy of momentum measurement 
arises from the scattering of the primary particle in the gas. 

135. Of the features listed in the last section 1 (6) was tentatively 
identified by Blackett with electrical winds from hairs and dust charged 
by motion, this trouble is not always encountered. 

The effect of 1 (a) is particularly marked in cloud chambers containing 
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metal plates, for the plates have little metallic connexion with external 
parts and hence are adjusted to temperature changes of the remainder 
of the apparatus almost entirely by convection. Careful control of 
temperature throughout the chamber and its immediate surroundings 
greatly reduces this source of distortion (Blackett and Wilson, 1937). 

The optical distortion 2 (a) can largely be eliminated by special adjust- 
ment of the lens in manufacture. It may also be corrected for in detail 
from a map of corrections based on photographs of straight wires in 
different parts of the chamber (Blackett and Erode, 1936). 

No systematic investigation of 2 (6) seems yet to have been carried 
out, but for high-precision work glass plates have been preferred in 
spite of handling difficulties. 

The distortion due to non-axial movement of the piston, if not due 
to the magnetic field, can be mapped out in a way similar to that used 
for the distortions due to photography, except that the distortions due 
to movement of piston are determined from the images of tracks in zero 
field and not from the images of straight wires. 

The part of the distortion 1 (d) caused by eddy currents in the piston 
cannot be observed directly. The effect of such distortions on change 
of curvature of particles passing through a plate placed in the chamber 
can be investigated (compare J. G. Wilson, 1938). 

Scattering 

136. The spurious curvature arising from Coulomb scattering has 
been treated by Williams (1940 a). It is shown that the probable error 
of the measure of the momentum of a fast particle arising from scattering 
can be expressed in terms of the ratio SR/ 5R g , where 5R is the radius of curva- 
ture due to deflexion in the magnetic field and 9? s is the mean curvature 
due to scattering. 5R s /3t is given by 



I is the track length, q is the potential number of nuclei per c.c. divided 
by Avogadro's number, and 



For fast particles in air at N.T.P. and for I = 10 cm. 

5R/9? g = 40/JJ, 

and thus for the normal momentum measurements in high magnetic 
fields this correction is not of importance. For slower mesons, however, 
the effect is of importance. Take as an example the meson measured 
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by Williams and Pickup (1938). We have I = 20 cm., H == 2,300 gauss, 
vjc = 0-4, q = 1, and SR/9?, = &. 

For the very end of a meson track the scattering is still more impor- 
tant. For the last 5 cm. of track we have 

9?/9? a = 500/#. 

It must be borne in mind that this is the spurious curvature for mean 
scattering of the particle, and the probability of larger scattering is 
appreciable. A spurious curvature up to three times the average cannot 
be excluded (see App. I). 

The limitations of very high pressure chambers, even in the higher 
magnetic fields, from this cause do not need to be stressed. 

137. Apart from actual distortion of the image, the measured curva- 
ture of a track may be influenced by undue weight given to dense groups 
of ions, from ionization by low-energy secondaries, which may be centred 
appreciably off the line of trajectory. These groups may be ignored in 
either method of curvature measurement provided that the photo- 
graphic exposure has been sufficient to record clearly the normal single 
drops of primary ionization. This source of error is a direct consequence 
of faulty photographic technique. 

A maximum detectable momentum of 10,000 MEV./c has been ob- 
tained by Wilson (1938, 9) using a length of track of about 10 cm.; 
corresponding to a central deflexion of the track from straightness of 
J^th mm. It is unlikely that any significant improvement in precision 
can be made by further attention to detail. It is probable that greater 
precision must now be sought in the use of larger equipment and stronger 
magnetic fields. 

Maximum detectable momentum 

138. When all possible sources of curvature error have been elimi- 
nated, the residual random errors of curvature may be expressed either 
directly or in terms of the 'maximum detectable momentum' that 
momentum which would give curvature equal to the probable curvature 
due to residual random distortion. In a single compartment chamber 
this quantity can be measured only in zero magnetic field. Blackett 
obtained a maximum detectable momentum in this way of 20,000 
MEV./c. 

In a chamber separated into two halves by a metal plate, it is possible 
to make a comparable determination of maximum detectable momen- 
tum in the full magnetic field (Wilson, 1938). Values so obtained have 
shown excellent agreement with those measured in zero field. We have 
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stressed the very numerous sources from which distortion of track 
images may arise; in many cases distortion is encountered without 
external indication that error has been introduced. It is important that 
all possible measurements which can serve as cross-checks of internal 
consistency of a set of track photographs should be investigated. 

D. PROPORTIONAL COUNTERS 

139. Proportional counters are based on a process intermediate 
between those utilized in the ionization chamber and in the GM- 
counter. In the ionization chamber the ions produced by a primary are 
collected and the resulting charge is measured. In the GM-counter the 
primary ions are sufficiently accelerated to initiate a gas discharge and 
the amount of charge liberated by the discharge is independent of the 
number of primary ions. 

The proportional counter is a GM-counter worked under starting 
potential but with a sufficiently high voltage to secure secondary 
ionization. Thus in the proportional counter each primary ion gives 
rise to a fixed number of secondary ions without, however, initiating a 
discharge. The amount of charge liberated is proportional to the 
primary ionization and can be taken as a measure of it. A description 
of the use of Geiger's point counter as a proportional counter was 
given by Geiger and Klemperer (1928). 

140. Proportional counters can be used in cosmic-ray work for 
detecting the tracks of slow particles giving rise to more than average 
ionization or else to detect narrow showers. The main application of 
proportional counters has been in the investigation of slow neutrons. 

The Neutron Counter 

Fiinfer (1938) has used proportional counters with a deposit of 
metallic boron on the inner surface of the counter. Neutrons passing 
through the wall can produce disintegrations according to either of the 
following reactions: B 10 -f N = Li 7 +a, 

B 10 +N = Be 10 +P. 

The process giving rise to a-particles is assumed to be more frequent. 
The a-particles (or protons) emerging from the wall can be detected by 
their large ionization. 

A somewhat different arrangement has been used by Montgomery 
and Montgomery (1939) and Korff (1939). In these investigations the 
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counter is filled with BF 3 . Thus neutrons are recorded by means of 
a-particles produced in the gas. 

Though the two methods of detecting slow neutrons are very similar, 
the following features may be noted. Fiinfer's method has a larger 
absolute efficiency as a large fraction of the neutrons will be absorbed 
in the boron wall. The limit to the efficiency is given by the range of 
a-particles in the metallic boron. The disadvantage of this method is 
that the pulses obtained differ widely since the remaining ranges of 
a: -par tides in the gas depend on the depth of their formation; moreover, 
because of the complicated geometry it is not easy to calculate the in- 
tensity of the neutron beam from the number of observed disintegrations. 
E. PHOTOGEAPHIC PLATE METHOD 

141. Recently the photographic plate method has been playing an 
ever-increasing role in nuclear and cosmic ray research. Some aspects 
of the method and recent results are summarized in App. Ill, added to 
this edition. 

142. The photographic plate method was first introduced by Blau 
and Wambacher (1937 a, 6) into cosmic ray research. Photographic 
plates exposed on the Hafelekar 2,300 m. above sea-level showed, when 
developed, tracks which could not be ascribed to radioactive contamina- 
tion. In particular these authors found 'stars' consisting of a number 
of particles emerging from a common centre. These stars are due to 
nuclear explosions caused by cosmic rays. Similar events were found 
later by, e.g. Schopper and Schopper (1939), Rumbaugh and Locher 
( 1 936), Heitler, Powell, and Fertel ( 1 939), and at present the investigation 
of cosmic ray stars is one of the principal problems of cosmic ray 
research. 

143. The photographic plate technique has been greatly advanced. 
Tracks obtained in modern emulsions (see, e.g., Powell, Occhialini, 
Livesey, and Chilton(1946))resemble in all respects cloud-chamber tracks. 

The grain density of tracks gives a measure of rate of energy-loss of 
the particle and thus of velocity. The change of grain density gives 
information as to the slowing down of the particle in the emulsion. 
Tracks ending in an emulsion permit an estimation of range. 

With a new Kodak emulsion it is now possible to obtain tracks of 
fast particles near the minimum ionization (see Berriman (1948)). 

A completely new feature of the photographic plate technique is that 
it makes it possible to get evidence on very short-lived particles 
with ranges too short to be observed in a cloud chamber. 
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THEORY OF FAST COLLISIONS 
A. INTRODUCTION 

144. THE theory of collisions between elementary particles and atoms 
was developed in attempts to account for the behaviour of radioactive 
rays. The formulae obtained for energy loss, ionization, scattering, etc., 
of radioactive rays were later applied to cosmic rays. This application 
met a twofold difficulty. Firstly, the cosmic rays have energies much 
exceeding those of radioactive particles, and therefore it was not clear 
whether one was justified in extrapolating the formulae from the radio- 
active region where they were known to be valid to the region of the 
cosmic-ray energies. Secondly, for a long time the nature of cosmic-ray 
particles was unknown. 

As the result of long series of researches both difficulties have been 
reduced. The cosmic rays contain, like radioactive radiations, electrons, 
photons, protons, and neutrons; apart from these particles cosmic rays 
contain also various types of mesons. 

It has been established that the relativistic quantum theory of the 
collisions of fast electrons and energetic photons is certainly valid in 
the region of cosmic-ray energies. It has been established, however, 
that the interaction of fast neutrons and protons is very much stronger 
than it would appear from the theory based on electromagnetic inter- 
action alone. It is believed that nucleons apart from the electromagnetic 
field they produce give rise also to another field which is termed the 
meson field. The meson field is assumed to be responsible for the short 
range forces between nucleons and therefore the meson field is taken to 
be the agency keeping the atomic nuclei together. 

In collisions two nucleons will interact by means of their electro- 
magnetic fields as well as through their meson fields. It seems that the 
interaction through the meson field is much stronger than the electro- 
magnetic interaction; hence the energy loss of fast nucleons when 
traversing matter is supposed to be mainly determined by the meson 
interaction which results in the emission of mesons. 

145. It should be pointed out that the validity of the quantum theory 
when dealing with the energy loss of fast electrons or energetic photons 
must be regarded as firmly established. It can be shown from elementary 
principles that the radiation formulae governing these losses must be 
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assumed to be valid for high energies provided they are found to be 
valid for radioactive energies (Williams (1934a,6, 1936)). The validity 
of the formulae in the region of radioactive energies has been well 
established by experiment. 

Apart from these theoretical considerations there is much experi- 
mental evidence supporting the validity of the radiation formulae in 
the region of cosmic-ray energies. 

146. The theory of the interaction of nucleons through the meson 
field is on a much weaker basis. The assumption that nucleons give 
rise to the meson field is inferred from Yukawa's (1935) theory of the 
nuclear forces. This theory led to the accurate prediction of the proper- 
ties of one of the mesons and must be taken very seriously. 

The existence of at least two types of mesons is now well established 
from cosmic-ray experiments. That at least one of these mesons is 
emitted by nucleons was established by the experimental findings con- 
cerning penetrating showers (see Chap. ]X). 

The best experimental evidence for the meson field of nucleons is the 
fact that 7r-mesons have been created artificially by a beam of fast 
ex-particles (Gardener and Lattes (1947)). 

The application of the theory of the meson field to collision processes 
meets with great difficulties as divergent integrals appear in the theory. 
Definite results can therefore only be obtained by some cutting-out 
process which eliminates the divergencies. 

The most successful attempt to get rid of divergency was made by 
Heitler (1941) and also by A. H. Wilson (1941); it was shown that by 
considering radiation damping it is possible to give an unambiguous 
method of dealing with the divergent terms. 

In the present chapter we give a short account of the theory of colli- 
sion processes but we shall confine ourselves mainly to electromagnetic 
interactions, that is, to the processes where the validity of the theory 
can be regarded as well established. A brief account of some aspects of 
the meson theory will be given in Section E of this chapter. 

B. SUMMARY OF THE THEORY OF RELATIVITY 

Lorentz Transformation 

Coordinates and Time 

147. An event taking place at the time t at a point with the Cartesian 
coordinates x t y> z with respect to a coordinate system K will appear to 
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have happened at the time t' at a point with coordinates x', y' , z' when 
observed from a coordinate system K' ', where 

x' = (xvt)B, 

y' :=y> 

z' = z, (1) 



" d 



v is the constant velocity of the system K' with respect to K. This 
velocity is assumed to be parallel to the a; -axis, and at the time t = t' = 
the two systems are supposed to coincide. 

From the transformation (1) the following effects have been derived. 
Firstly, the length of a rod which is at rest in the system K appears 
contracted in a system K' in which the rod is in relative motion. The 
projection parallel to the velocity vector is contracted by a factor J5, 
while the component perpendicular to the motion remains unaffected. 
Secondly, a clock moving with a velocity v towards the observer appears 
to lose time in the ratio 1 : B. The two effects are complementary and 
are referred to as Lorentz's length contraction and time dilatation. 

We find from (1) 

+z'*-cH' 2 . (3) 



Momentum and Energy 

148. The momentum of a particle with rest-mass ra when moving 
with a velocity v is given by 

p = mv, (4) 

with m = Bm i (5) 

m is called the relativistic mass. 

According to Einstein's principle of the equivalence of mass and 
energy, the energy of a particle can be written as 

w me 2 = J5m c 2 . (6) 

For a particle at rest we have 

w = w c 2 ; (7) 

w is the rest-energy of the particle. The kinetic energy w k of a particle 
is defined as the excess of the energy w over the rest-energy w . We have 

w k = WWQ = (B~ I)m c 2 . (8) 
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Developing B in powers of v/c we have 

w k = w v 2 /2+terms of higher order in vjc. (9) 

We see, that for v <^ c the kinetic energy w k defined by (8) is very nearly 
equal to the kinetic energy of non-relativistic mechanics. 

149. The components of momentum and the energy of a particle 
transform similarly to coordinates and time. Consider a particle with 
momentum p and energy w when referred to a system of reference K . 
The values of the momentum and energy as referred to a system K' in 
relative motion is obtained as 

Px = B\p x ~w\, Py = Pyi P* = A, ' = B(w-vp x ). 

1 ' (10) 

With the help of (2) and (10) we obtain the following relation between 
momentum and energy of a particle 

w = cj(p*+m*c*). (11) 

Another relation is obtained from (4) and (6). We have 

cp/w = v/c. (12) 

Considering particles of very high velocity, that is particles with 

v ~ c and B > 1, (13) 

we find w = pc-\-m%c 3 /2p-{- higher order terms in m Q c/p. (14) 

The above approximation will be referred to as the extreme relativistic 
approximation . 

The Electromagnetic Field 

150. The electromagnetic field can be expressed either by the com- 
ponents of E and H, the electric and magnetic field strengths, err by the 
components of the vector potential A together with the scalar potential 
O. The connexion between field strengths and potentials is given by the 
following Lorentz invariant equations: 



E = _ -grad<D, H = curl A. (15) 

The components of the potentials transform as the components of the 
momentum and the energy. The field strengths are transformed from 
the system K to the system K' by the following equations : 

E' X = E X , E' 
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It is seen that the components in the direction of motion remain 
unaffected while the components perpendicular to the direction of 
motion are increased by a factor B. Besides, the electric field gives 
rise to a magnetic component, while the magnetic field gives rise to 
an electric component. The induced components are proportional to 
vB/c. Thus for transformations corresponding to small velocities the 
induced components will be small; for transformations between systems 
moving with velocities of the order of c the induced components will 
be of the same order of magnitude as the transformed transverse 
components. 

Applications 

151. Two applications of the equations (16) will be discussed: 

Static field of moving charge 

1 . The field of a uniformly moving charge e can be determined by 
transforming the Coulomb field in the rest-system into the system of 
the observer. The Coulomb field can be written as 

E = er/r*, H - 0, 
with r = (x,y,z). (17) 

The field of a charge moving with the velocity v is obtained by 
transforming (15) into a system K moving with velocity v with respect 
to the rest-system of the charge. It can be seen, with the help of (14), 
(15), and (1), that 

X D'3 ' V D'3 ' ^ iD'3 ' 

Jtl Jil jft 

/' f\ TJ' ^ 77" TJ' ^ F" /1O\ 

Hy. = 0, tt y = -ti z , tt Z ~ Jby, (18) 

C C 

where f B(x'+vt'), R' 2 = 2 +y' 2 +z' 2 . 

The interpretation of (18) is as follows. The field of the charge moves 
as a solid body together with the charge. The moving field differs from 
a stationary field in the following ways: 

(1) The length dimensions of the field are contracted in the ratio 1 : B. 

(2) The transverse component of the field strength is increased by a 
factor B. Due to (1) and (2) the electric field strength remains 
radial. 

(3) The electric field of the moving charge is accompanied by a 
magnetic field. 

It can be seen from (18) that the total electric flow through a surface 
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enclosing the moving charge is equal to ^ne, that is, equal to the flow 
of the charge when at rest. It follows therefore from Gauss's theorem 

that e' = e. (19) 

Thus the value of an electric charge is not affected by the Lorentz 
transformation. 

Doppler effect and aberration 

152. 2. We consider the electromagnetic radiation emitted by a 
moving source. Consider a source moving with the velocity v along the 
#-axis of the system K. This source is at rest in the system K'. 

A sufficiently small section of the radiation at a large distance from 
the source can be approximated by a plane wave. It is therefore suffi- 
cient to consider the transformation of an electromagnetic plane wave 
from the system K' to the system K . 

We consider a plane wave moving at an angle $' to the x'-axis in the 
system K', having a wavelength A' and an intensity A' 2 . Transforming 
the field of this wave according to (18) we find that the field in K 
represents also a plane wave moving at an angle & to the #-axis with 



Q /0 _ v 

cos# = _T_' 20 

l + (t;/c)cos# 

The wavelength of the wave in K is given by 

(21) 



c 
The intensity in the system K is found as 

A* = A'*/(l--cos&} 2 B*. * (22) 

/ \ c / 

Eq. (20) represents the aberration, while (21) and (22) represent the 
Doppler effect. 

We are interested in the extreme relativistic case where B ;> 1. We 
have T 



Further ~ 2 tan(#'/2)/5. 

The above equation is only valid provided 

B > tan(#'/2). 

We see that almost all directions of emission in K' appear in K 
as crowded together into a narrow cone round the forward direction. 
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We find, for instance, that all the directions which have a forward 
component in K ' (#' < \TT) appear in K inside a cone with the solid angle 

. (23) 



The radiation emitted in the forward direction appears in K with 
shortened wavelength. We have 

(24) 



On the surface of the cone (23) the wavelength is unaffected, while 
the wavelength in the backward direction is 

^~2BA'. (25) 

v/c 

Thus the wavelength, as seen in K, is increased in almost all directions. 

The intensity of the radiation is increased in the forward direction 
by a factor ~ 4J5 2 while in the backward direction it is reduced to 
approximately 1/4B 2 of the original intensity. 

The difference between forward and backward intensities appears to 
be due to the interaction of the electric and the magnetic vectors. Both 
the field of the waves moving in the forward direction and the field of 
the waves moving in the backward direction are transverse to the 
direction of motion of K' and therefore the transformed components 
contain the factor B. But the electric field in K is the sum of two 
contributions, namely the transformed electric component and the 
electric component set up in K by the magnetic component in K'. 
These two contributions are in phase when considering waves moving 
forward but are out of phase for the waves moving backwards. The 
difference in the backward and forward intensities is therefore due to 
the interference between the fields set up by the electric and magnetic 
components of the original field. 

Consider a light source resting in K' and emitting the same intensity 
A ' 2 uniformly in all directions. The rate of energy emitted is thus 4tnA ' 2 . 

The rate of energy emitted as observed from K can be calculated with 
help of (22). We find 

. (26) 



Thus the rate of energy flow remains the same. 

The total energy emitted in a flash of a given duration t' is, however, 
larger when measured in K than when measured in the rest-system. 

3595.40 
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Owing to the time contraction the duration of the flash appears in K 
as i = Bt' 

and therefore the energy flow as seen in K persists B times longer than 
it persists in the rest-system. The total energy emitted as measured in 
K is therefore 

W = BW\ (27) 

where W is the energy emitted in the rest-system. 

C. APPLICATION OF CONSERVATION LAWS TO COLLISIONS - 
1. Elastic Collisions 

(a) Exact Treatment of Belativistic Collisions 

1 53. Collisions between two particles in which energy and momentum 
are conserved may be called elastic. Consider two free particles, one 
having a rest-mass J/ , momentum P, and energy W = ^(P^-^-M^c 2 ), 
the second having a mass w , momentum p, and energy w. In an elastic 
collision the total energies and momenta of the particles will be con- 
served. We have thus 

P+p = P'+p', 

W+w = W'+w', (28) 

where primes indicate the values after the collision. The equations (28) 
have been solved and discussed by Jiittner (1914). It is convenient to 
refer the collision to the rest-system of one of the colliding particles. 
Thus we assume that 

P = 0, W = M c 2 . c (29) 

The results obtained with this special initial condition can be generalized 
by a Lorentz transformation. 

By means of a simple calculation we obtain from (28) and (29), with 
help of (11), 



= 
p 



w = 



(30) 



(w/c+M Q c) 2 p* cos 2 # 

P'2 = p*+p'*2pp f C08, 

where & is the angle of scattering, that is the angle between p and p' 
(see Fig. 26). Alternatively energies and momenta can be expressed in 
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terms of a, the angle of recoil, that is the angle between the vectors p 
and P'. With this change eq. (31) is obtained: 

2M Q (w-}- MQ c 2 )cos a 



P' = p 



W M c 2 -I ^ a 

' T (w/c+M c) 2 --p 2 cos 2 oc 9 

p'* = p 2 +P' 2 ~2pP'cosoc. 



(31) 




FIG. 26. Elastic collision. 

The momentum of the colliding particle can also be determined from 
angle of recoil and recoil momentum: one finds 

os 2 oc(M 2 -m 2 )c 2 } 

(32) 

Finally, it is useful to express a, the angle of recoil, in terms of the 
energy transferred in the collision. We find 

w+M Q c 2 /W'-M c 2 

( 66 > 



The corresponding expression for & is rather elaborate and will be 
omitted. 

Finally, we can express the mass m Q of the colliding particle in terms 
of p' y P' ', MQ, and the angle 

8 = &+a. (34) 

8 is the angle between the directions of the two particles after collision. 
We find, with help of (23), as the result of a short calculation 



v& = 
*0 



mZ = 
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The above relation was pointed out by Gorodetzky (1942) (see also 
Leprince-Ringuet and Gorodetzky (1941)), and it was shown to be of 
use for the determination of the mass of a colliding particle based on 
data obtained from a secondary electron (see Ch. IV, 275). 

(6) Extreme Relativistic Approximation 

154. For most applications it will be sufficient to use the 'extreme 
relativistic' approximations of the collision formulae. These approxima- 
tions are obtained by neglecting quantities of the order of m Q c/p. We 
find 



w'lr 

/ 



P' 



(36) 



In eq. (36) terms of the order of M Q c/p have been retained. These 
terms are of importance in collisions between a light fast particle and 
a heavy particle provided the rest-energy of the heavier particle is not 
negligible compared with the kinetic energy of the lighter particle. 

(c) Discussion of the Collision Formulae 

Angle of scattering 

155. According to (30) a heavy particle colliding with a lighter or 
equal particle can only be scattered through an angle & < & m , with 

sin# m - M /m . (37) 

A particle colliding with a heavier one can be scattered through any 
angle. 

Angle of recoil 

156. It follows from eq. (33) that the angle of recoil tends towards \-n 
for collisions where the energy transfer is small compared with the rest- 
energy of the recoiling particle. All slow secondaries of a sufficiently fast 
particle will be ejected nearly at right angles. Slow secondaries at right 
angles to a fast primary are frequently seen on cloud-chamber photo- 
graphs. 
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Transfer of energy 

157. No energy is transferred in a collision for which & = 0. The 
maximum possible energy is transferred in a head-on collision with 
a ~ o. The maximum transferable energy W m is therefore found from 
eq- (31) as 



This formula can, however, only be applied to the collisions of two 
unlike particles. In the case of the collision of two like particles it is 
impossible to distinguish between the scattered and the recoiling par- 
ticle. In this case one defines the particle which comes out of the 
collision with more energy to be the scattered particle. The energy 
transfer cannot therefore exceed half the primary energy and thus for 
like particles we obtain 

W m =(w-mc*)!2. (39) 

In the extreme relativistic approximation 

unlike particles 

w/2 like particles 

The above approximate formula for unlike particles is only valid if 
w ;> mJ5 c 2 /M Q . In the case of incident heavy particles colliding with 
lighter particles the above limit may be very high. Eq. (40) applied to 
protons colliding with electrons is only correct for w ;> 10 6 MEV. and 
in the case of mesons colliding with electrons it is correct for w ;> 10 4 
MEV. For the intermediate region, that is for m c 2 <^w <^mlc 2 /M Qt 
we have, approximately, 

W m =2(plm c)*M Q c*. (41) 

158. Regarding the dependence of the energy transfer on the angle 
of scattering two cases have to be distinguished: 

(i) The energy of the incident particle is large compared with both 
its own rest-energy and the rest-energy of the knocked-on particle. In 
this case the transfer of energy is of the same order as the primary 
energy except when the angle of scattering is of the order of^(2M Q c 2 /w) 
or less. The momentum loss as a function of #, the angle of scattering, 
is shown in Figs. 27, 28. 

(ii) A light particle collides with a much heavier one. The energy of 
the light particle is much larger than its own rest-energy but does not 
exceed the order of the rest-energy of the recoiling particle. In this case 
the transferred energy changes uniformly with angle of scattering as 




10 0'8 06 04 0-2 00 



08 0-6 0-4 0-2 I 




a. Transfer of momentum in a 
collision between equal particles 



b. Transfer of momentum from a heavy 
to a light particle x = 



N on relabvistic approximation 




-10 -05 cos# 0-5 10 

c. Transfer of momentum from a light to a heavy particle. 




5 4 S I I 

& \/B 

d. Transfer of momentum in the extreme relativistic case. B p/M c. 

Pm 27. 



158] 



APPLICATION OF CONSERVATION LAWS 



87 



seen in Fig. 28. An example is the collision of an electron of say 10 3 
MEV. with a proton. 




-1-0 



0-0 
cos 



M-0 



FIG. 28. Transfer of momentum from a light particle to a heavy particle 
for large angles of scattering. 

Compton effect 

159. A photon can be regarded as a particle with zero rest-mass 
and w = pc = hv. Introducing m we obtain from (30) and (31) 



v = 



pt __ 2 M Q C( I + MQ C 2 /fo/)COS tt 

"~ ' 



(42) 



2. Inelastic Collisions 

160. There are collision processes which can only occur in the pre- 
sence of a third particle which suffers a recoil in the collision. Processes 
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of this kind are essentially inelastic although the recoil-energy may 
often be small compared with the total transfer of energy in the collision. 
Pair production 

Consider a process in which a photon is absorbed, giving rise to a 
number of particles with momenta P ly P 2 ,... and energies W l9 W^,... . 
The conservation laws require 

For particles with non-zero rest-mass P < W/c and therefore 

Comparing (43) and (44) we see that energy and momentum cannot be 
both conserved in this process. If the energy is conserved an excess of 
momentum remains. Thus the creation of particles with finite rest-mass 
by photons is only possible in the presence of heavy particles capable 
of taking the excess momentum in the form of recoil. 

I). FAST COLLISIONS 

161. In order to obtain information about the relative probabilities 
of collisions we have to consider the forces acting between the colliding 
particles. 

As the quantum theory of collisions is dealt with elsewhere (e.g. Heit- 
ler, Quantum Theory of Radiation, Oxford, 1944; Mott and Massey, The 
Theory of Atomic Collisions, Oxford, 1949) we restrict ourselves to a very 
brief sketch of the quantal treatment; we shall, however, give an account 
of the very instructive classical theory of collisions based on the work 
of Bohr (1913, 15), Weizsacker (1934), and Williams (1933a, 4a, 6). 

1. Classical Theory 

(a) Impact Parameter Method 
The impact parameter 

162. Consider two particles, one of mass m, charge ze, and momentum 
p, and the other of mass M, charge Z l e, initially at rest. 

The distance a of closest approach between the particles will denote 
the impact parameter. If the impact parameter is sufficiently large, 
the orbit of the moving particle can be taken in first approximation 
to be a straight line and the change of velocity can be neglected. The 
force acting upon the stationary particle perpendicular to the direction 
of motion at a time t is 

B= l 
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where it is assumed that the nearest approach takes place at t = 0. 
v is the velocity of the colliding particle. The recoil suffered by the 
stationary particle is given by the time integral of the force. We find 

P; - J F x dt = 2Z l ze 2 fva. (46) 

The momentum transferred in the longitudinal direction can be treated 
similarly. It is seen, however, that the longitudinal component of P' 
vanishes if treated in the same approximation as before. We shall 
assume therefore in the following 

P' _ A p f _ p' 

z long v > *- x -*- 

163. The momentum transferred in a collision is limited by the con- 
servation laws and therefore (46) is clearly inaccurate for too small 
impact parameters. This inaccuracy arises from having neglected the 
motion of the recoiling particle and also from having neglected the 
reaction of the collision upon the colliding particle. A more accurate 
treatment of the collision, according to Bohr (1915), gives for the recoil 
momentum 2 



.., , i ,_ UN 

with 6 = 1/r v ' . (46 b) 

Mmv 2 B 

The loss for a = is therefore 

, _ 2Mp 

(46c) 



as is expected. 

In most considerations it is sufficient to use the approximate for- 
mula (46). 

Differential cross -section 

Momentum transfer 

164. The impact parameter a can be expressed in terms of the 
momentum transferred. We find from (46) 

a = 2Z 1 ze 2 /vP'. (47) 

The above expression defines the distance at which the momentum 
transfer is equal to P'. 

Consider an absorber of thickness 3 containing N stationary particles 
per c.c. A particle traversing the absorber will suffer on the average cLf* 
collisions at distances between a and a+da from any of the stationary 
particles, where ^ = N ^ a ^ (48) 
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From (47) and (48) we find that the average number of collisions 
leading to transfers between P' and P'-\-dP' is given by 

dJ\T = NtfrrZlzW/V*^. (49) 

We divide (49) by JV-j and obtain the average number of collisions 
per scattering particle 

(50) 



~. 

x(P')dP' is the differential cross -section. It has the dimensions of an 
area and it can be regarded as the effective area per scattering centre 
in which the specified collision takes place. 

Scattering 

165. The angle of scattering, if small, is given by 

& = P'/p (51) 

and the differential cross -section for an angle of scattering in the interval 
#, d& is found from (50) and (51): 

(52) 



. 

Sometimes it is useful to consider the projection #' of the angle of 
scattering on to a plane parallel to the initial direction of the particle. 
As the result of a simple geometrical consideration we find for the 
differential cross-section in terms of the projected angle 

X (*') dV - Jx(#) d. (53) 

Energy transfer 

166. The differential cross-section for the loss of energy is obtained 
from (50) by expressing the momentum in terms of energy. With the 
help of (11) we find 



W 

X(W') dW = 87rZ|z 2 e 4 /W . (54) 

In the non-relativistic case we have 

W ~ Jtfc 2 , P' ~ (2MW' k )*, 
and dW' k = dW', where W k is the kinetic energy. We find thus 



x (W' k ) dW' k K ^Zlz^jMv. (54 a) 

" k 

In the extreme relativistic case we have instead 

. (54 b) 
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Rate of energy loss 

167. The rate of loss of energy of a fast particle traversing matter 
is obtained by averaging over the effects of independent collisions. It 
is seen from (54 a) that the loss of energy is inversely proportional to 
the mass of the stationary particle; in collisions with atoms most energy 
is therefore lost to atomic electrons and the loss of energy due to 
collisions with nuclei can be neglected. 

We restrict ourselves, therefore, to electronic collisions and put 

Z v = 1, M = m e . (55) 

By averaging over collisions leading to various amounts of energy 
transfer we obtain with the heln of (54 a) for the average rate of loss 
of energy 



_ = , J 



where W^ ax is the maximum transferable energy. The expression (56) 
is based on the non-relativistic cross-section (54 a). If H^ ax :>ra c c 2 , 
this is not justified and the cross-section as given by (54) should be used. 
It is seen, however, that for relativistic energies the cross-section 
decreases with 1/W' 3 and therefore the contribution to the total loss 
arising from energetic collisions is negligible. The total loss is found in 
this case to be approximately 

dW 27rNz*e* m e c* /Ka . 

-;- = - log ? . 56a 

d$ m e v* 6 PF min 

168. The expression (56) was obtained by Thomson and also by 
Whiddington (see Bohr (1913)). The expression (56) diverges, however, 
if W miu approaches zero. The theory as presented is therefore not 
consistent. 

Effect of binding forces 

The divergence of the expression (56) is due to the distant collisions, 
and it must be assumed therefore that the transfer of momentum (or 
energy) for distant collisions is less than expected from (46). 

In earlier attempts it was postulated that the momentum transferred 
in collisions is given correctly by (46) up to distances of the order of 
the atomic radius, and that for larger distances the loss is smaller than 
predicted by (46). Such a postulate is unsatisfactory (compare 180), 
and it leads also to results incompatible with observations. 

The problem of energy loss of fast particles was eventually solved by 
Bohr (1913, 15). Bohr realized that it was not permissible to treat the 
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atomic electrons as free electrons; he showed that the momentum 
transfer, especially in distant collisions, is strongly affected by the 
binding force between the electron and atom. 

Bohr assumed the electrons to be bound by harmonic forces to the 
atoms ; the energy transferred to the bound electron is approximately 
the same as that transferred to free electrons, provided the time of 
collision is short compared with the natural period of the electron. 
In slow collisions the energy transfer is much reduced by the binding 
force. 

Time of collision 

169. The time of collision is the time during which the interaction 
between the colliding particles is relatively strong. According to (46) the 
Coulomb field is relatively strong for a period 2a/Bv, and we may put 
therefore for the time of collision 

* coll - 2a/Bv. (57) 

We may write therefore 



where v is the average atomic frequency and a raax the collision parameter 
for which the time of collision is equal to the period of free oscillation. 
We have therefore 



(58) 

The effect of binding forces can be introduced schematically by assum- 
ing that collisions at distances less than max are not affected by the 
binding while no energy is transferred for collisions at distances exceed- 

ing a max- 

The energy transferred at the distance a = # max is obtained from (46), 
(58), and (56). We have 

W ' min = ^i5 = 8zVv 2 /Vm e . (59) 



Introducing W mln from (59) into (56) we have for the rate of loss 



dW __ A7i 
di ~~ ~^~ g 

It was pointed out by Bohr (1913, 15) that in the case of bound 
electrons the momentum transferred into the longitudinal direction must 
not be neglected. Including longitudinal terms Bohr obtained 



Bohr's expression under the log differs slightly from that given in 
(60). 
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Distant collisions 

170. It is interesting to note the actual magnitude of a max (see 
Williams, 1933). The order of magnitude of v can be assumed to be 

v ~ Zm e c 2 /137 2 h 

and therefore a max = 137a B/Z, 

where a Q = 137V is the Bohr radius of the H-atom. For air we have 
approximately a max == .!<)-' cm. 

Thus for B = 10 7 we have # max = 1 cm. and for sufficiently energetic 
primaries a max can be of the order of metres. If the primaries are 
electrons, then B 10 7 corresponds to 1C 13 eV. primaries. Thus suffi- 
ciently energetic particles may lose energy in collisions at distances up 
to centimetres or even metres. Limitation of this theory may arise 
owing to the polarizability of the medium traversed (Fermi (1939-40), 
Halpern and Hall (1948)). 

Classical energy loss formula 

171. The number of electrons contained in a cubic centimetre of an 
absorber can be written as 

N = L(Z/A)k, (62) 

where A is the atomic weight of the absorber and Z the atomic number. 
L is Avogadro's number and k the density. We may express the thick- 
ness of absorber in grams per cm. 2 instead of centimetres. We introduce 

therefore = 3*. (63) 

Introducing numerical values we have further 

47rLr*m e c 2 = 0-3 MEV. per (gram/cm. 2 ) (64) 

and 



MEV. per (gram/cm. 2 ). (65) 

We note the following features of the energy loss formula (65). 

1. The rate of loss of energy is nearly proportional to l/v 2 . Thus 
slow particles lose much more energy than fast ones. The rate of loss 
decreases with primary energy, reaches a minimum, and increases 
logarithmically with the energy for higher energies. 

The density of ionization produced by fast particles is proportional 
to the rate of energy loss and therefore the ionization density of par- 
ticles is high for slow particles, reaches a minimum for a velocity near c, 
and increases with the logarithm of the energy for high -energy particles. 
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2. The atomic number of the absorber appears outside the logarithm 
only in the combination ZjA. This ratio does not change greatly with 
atomic number and therefore the rate of loss is roughly mass propor- 
tional. The expression under the logarithm depends, however, on Z as 
the electrons are bound more strongly in heavy elements than in light 
ones: therefore the rate of loss of energy expressed on a mass scale 
decreases somewhat with increasing Z. 

3. The rate of loss is proportional to z 2 ; thus the loss of multiply 
charged particles greatly exceeds that of singly charged ones. In par- 
ticular a-particles lose about four times as much energy as electrons or 
protons of the same velocity. 

Secondaries 

172. In collisions where an electron receives an energy exceeding the 
ionization energy the electron is ejected from the atom and appears as 
a secondary. 

The cross-section for the production of secondaries with energies in 
the interval W ', dW is obtained from (54 a) as 



x (W')dW> = 2 f-- (66) 

The equation (66) is in agreement with the corresponding equation 
obtained from quantum theory provided W is much larger than the 
ionization energy and much smaller than the maximum transferable 
energy. 

The cross-section for the production of high -energy secondaries is also 
influenced by the interactions of spins and magnetic moments of the 
colliding particles. 

Scattering 

Multiple scattering and large-angle scattering 

173. A particle traversing an absorber suffers a large number of 
collisions and the change of direction of the particle is due to the 
resultant effect of the single collisions. 

The distribution of the angles of scatter suffered in the individual 
collisions is given by (52). We see that the number of deflexions of a 
given size increases very rapidly with decreasing size; collisions leading 
to small angles of deviation are therefore predominant. 

The individual angles of scatter have independent azimuth and there- 
fore they compensate each other to a large extent. The total deflexion 
increases on average with the square root of the number of collisions. 
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Occasionally a particle suffers a close collision in which it is deflected 
by a comparatively large angle. The effect of such a collision can be 
much larger than the cumulative effect of the frequent distant colli- 
sions, and the two processes can be treated separately. 

174. We call multiple scattering the scattering due to the cumula- 
tive effect of many small-angle deflexions. This scattering has to be 
distinguished from the large-angle scattering due to a single close collision. 

Distribution of angles of scattering 

The difference between multiple scattering and large -angle scattering 
becomes apparent from the distribution of the total angles of scattering 
of similar particles traversing the same absorber. 

The particles traversing an absorber can be divided into two groups: 
(1) Particles which have passed through the absorber without having 
encountered any close collisions. (2) Particles which did encounter 
one or more close collisions. 

The angles of total scattering of the first group are distributed accord- 
ing to a Gaussian law; this can be shown exactly, but it is plausible 
when remembering the random azimuth of the individual collisions. The 
angles of deviation of the second group will follow closely the distribu- 
tion (52) as most of these particles will have suffered one collision only, 
and this collision is expected to give a predominant contribution to the 
total angle. 

Thus the distribution of the angles of scattering is given for small 
angles by a Gaussian, but for large angles the distribution tails off 
according to a law of the form 

d&/&*. (67) 

Scattering angles lying in the region where the Gaussian distribution is 
predominant may be ascribed to multiple scattering, while the larger 
angles in the region where the distribution obeys (67) may be ascribed 
to large -angle scattering. 

The region where the two distributions intersect is called the region 
of plural scattering. Particles in this region are expected to have 
suffered a small number of collisions at intermediate distances. 

175. Limiting impact parameter. There is no sharp division between 
large-angle scattering and multiple scattering. It is useful to introduce 
a limiting impact parameter a l so that a particle traversing an absorber 
of thickness 3 suffers on average one collision at a distance less than a r 

Thus we put 
r 
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or % = (68) 



corresponding to an angle 



(Williams (1939 c)). We consider collisions at distances less than % as 
close collisions giving rise to large-angle scattering and collisions at 
distances larger than a x as distant collisions contributing to multiple 
scattering. 

The expression (68) for a x depends on the thickness 3 of the absorber. 
This is justified, as a collision which is rare in a thin absorber may not 
be rare in a much thicker absorber. The distinction between what is 
taken as a rare large-angle collision and what is taken to be a 'frequent' 
small collision depends necessarily on the thickness of the absorber. 

Averaging over collisions 

The theory of scattering of fast particles crossing absorbers was 
developed largely by Williams (1939c). We reproduce parts of the 
theory which will be of importance in connexion with cosmic-ray 
observations. 

176. We proceed to average over the individual collisions encountered 
by a fast particle traversing an absorber. We are interested mainly in 
the angle of scatter and the linear displacement resulting from a large 
number of independent collisions. We shall always assume that the 
energy loss of the scattered particle on its way through the absorber 
is negligible, and therefore we shall assume the velocity of the particle 
to be constant through the absorber. The problem of the scattering of 
electrons in thick absorbers will be treated in some detail in Ch. VIII. 

The differential scattering cross-section according to (52) is propor- 
tional to Z\ . Hence the scattering due to nuclei is usually much more 
important than the electronic scattering and we shall not consider the 
electronic scattering. 

In the following we shall assume therefore 

Z = Z and m = AM P . (69) 

177. The mean square angular deflexion and the mean square dis- 
placement can be determined as follows. 

Consider a particle traversing an absorber 3 cm. thick. Assume 
collisions to take place at the depths 3 1? 3 2 ,..., resulting in deflexions 
#i>#2v ; the azimuth of the orbit will change after each collision, and 
the subsequent azimuths are assumed to be ^,^2,... . 
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The projected angle of deflexion at the depth 3 is given by 

while the projection of the linear displacement can be written as 

x (3 3i)^i cos 0i+(3 32)^2 cos ^2+ (71) 

178. We have to average over the parameters of the single collisions. 
The azimuths can be taken to be independent and therefore we may 
assume for the average values 

i *!?*' ( 72 ) 

Further, as we neglect the change of energy of the particle while 
passing through the absorber, we may assume that the values of 3^ are 
independent of each other and are distributed at random. We assume 
therefore 3 

1 f 

1 3 J l 35 ' 

o 

Introducing (72) into (70) we find 

/Q.'2\ Q'2 I *7 A \ 

<# 2 > = Y # 2 , (74) 

where n is the average number of collisions per cm. absorber and $ 2 is 
the mean square angle of scattering in one collision. We have 



n = (N/Z) f X (&) d, 2 = J &*x(#) d&/ j XW ^. ( 75 ) 
and, finally, <^'^> = ~ J # 2 *(#) <& (76) 



Similarly we obtain for the mean-square displacement, with help of 
(71), (72), (73), and (75), 

. (77) 



The expressions (76) and (77) refer to the projection of the angle of 
scatter and the projection of the linear displacement. The mean-square 
values of the actual angle and the full displacement are twice those of 
their projections and thus we have 



(78) 

and <r*> = - J * 2 xW ** (79) 
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179. It remains to determine the numerical value for the integral 



Inserting the cross -section from (52) we obtain 

J d* x () d& = ^^log^M. (80) 

It is seen that the integral (80) diverges owing to the contributions of the 
small angles, i.e. owing to the contributions of the distant collisions. 
It must be concluded therefore that the contribution of the distant 
collisions is reduced by some process. 

Screening 

1 80. The analogous difficulty in case of the energy loss was overcome 
by considering the effect of the binding forces between electrons and 
atoms. As, however, scattering is mainly due to nuclear collisions, and 
the nuclei can be regarded as practically free, the divergency in the 
expression for the scattering cannot be overcome by introducing the 
effect of binding forces. 

Nuclear scattering at large distance is, however, reduced by the 
electrostatic shielding of the nucleus by its electrons. 

The electrostatic shielding reduces the scattering of distant particles 
but it does not reduce the loss of energy. It was seen in 170 that 
sufficiently energetic primaries are capable of losing energy to atoms 
very far from their path. Thus a primary travelling at a distance such 
that the fields of the electrons and the nuclei compensate each other 
almost completely is still capable of transferring energy to the atom. 

The physical reason why screening reduces scattering much more 
than the energy transfer is as follows. A fast particle passing an atom 
transfers a certain amount of momentum to each electron and also to 
the nucleus. The angle of scattering is, however, determined by the 
transverse component of the total recoil. Due to the opposite sign of 
charge the electrons recoil in the opposite direction to the nucleus, 
and if the fast particle passes at a sufficient distance, the transverse 
components of the recoiling electrons cancel the transverse component 
of the nuclear recoil and thus no scattering results. The total energy 
transferred is equal to 

^2 2 

2 Pi I ff nucleus 
2m e ^ 2M A * 
1=1 e A 

The energy transferred to any of the electrons or to the nucleus is 
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positive, and is not affected by the presence of the other particles 
except for the small effect of binding forces. 

In other words, a particle passing an atom suffers Z+l collisions 
with the constituents of the atom and loses energy to every one of them. 
The Z-\-\ angles of scattering, however, tend to compensate each other 
and therefore the scattering is reduced strongly by shielding. 

181. The scattering of a fast particle at increasing distances is reduced 
gradually due to shielding. Schematically we may assume, however, 
that in collisions up to a distance a = 2r sc the effect of shielding is 
negligible, while for distances larger than 2r 8C no scattering takes place. 

We may put r sc = -*, a = 137% (81) 

(a is the Bohr radius of the H-atom) and thus obtain from (46) and (54) 



= Zze*lvpr w = (classical). (82) 



Finite nucleus (see Williams (1939c)) 

182. The value of # max depends on circumstances. If no more 
stringent limitation of the angle of scattering is imposed we may put 
(compare (68 a)) = 



183. It was pointed out by Williams (1939 c) that in case of fast 
particles an upper limit for# is imposed by the finite size of the nucleus. 
The nucleus can be taken as a sphere with radius 

r z = Z*r . (84) 

The Coulomb field inside this sphere is much weaker than that of a 
point charge, and therefore the angles of deflexion for collisions with 



are smaller than expected for a point nucleus. In a schematic treatment 
one can neglect all collisions at distances less than r z . One finds thus 
for the maximum angle of deflexion 



= 2Zze*/vpr z = . (85) 

For fast particles # max as obtained from (85) is small. With t; ~ c, 
we have 

#max = 2Z*z(mJmB) (classical, finite nucleus). (86) 

It will be seen that the value for # max obtained from quantum theory 
( 192) is 137 times larger, but even this larger value is fairly small and 
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thus no large-angle scattering of fast particles due to Coulomb inter- 
action is to be expected. 

Large-angle deflexions of fast cosmic ray particles have, however, 
been observed. Such observations give direct evidence for the existence 
of non-Coulomb forces between nucleus and particle (compare Ch. IV, 
319, and also 193). 

184. Introducing (52) into (85) and (82), we find with the help of (78) 

and (79) 



(87) 
<' 8 > = ^l 1 ^ 1 ogl37Z-. ' 



It will be seen later that (87) is confirmed by the quanta! treatment. 

(6) Limitation of Classical Theory of Elastic Collisions 
185. It remains to point out the limitation of the classical treatment 

of elastic collisions (compare Williams (1940 a)). 

All considerations were based on eq. (46) which gives the momentum 

transferred in a collision with impact parameter a. 

In an exact treatment of the collision the wave properties of the par- 

ticles have to be considered. The position and momentum of a particle 

represented by a wave packet are uncertain by amounts given by the 

uncertainty relation of Heisenberg : 

kpkx ~ h. (88) 

The classical treatment of a collision is only valid if the transverse 
extension of the wave packet representing the moving particle is small 
compared with the impact parameter a. Thus we have the following 
condition: A* < 2a. (89) 

At the same time it is necessary that the transverse component of the 
recoil momentum should be small compared with the uncertainty of the 
momentum in this direction. Therefore with the help of (46) we obtain 
the second condition 

&p < 2P' X = 4Z l ze 2 /va. (90) 

From (88), (89), and (90) the following condition is obtained, 



and therefore we find that the classical treatment is only valid provided 

**- 1 - (91 > 
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The condition (91) is, however, only fulfilled for slow particles and large 
values of Z 1 . For fast cosmic -ray particles the condition (91) is not 
satisfied and therefore the classical treatment cannot be relied upon. 

186. In spite of the condition (91), which is not satisfied for fast 
particles, the formulae obtained from the classical treatment lead to 
qualitatively correct results. It is found that the classical expressions 
for energy loss or scattering are only in error under the logarithm, while 
the factor outside the logarithm is obtained correctly. The reason for 
this partial agreement between classical treatment and quantal treat- 
ment is due to the analytical accident that in the case of a Coulomb 
interaction the two treatments lead to the same expression for the 
differential cross-section. 

The difference between the two treatments becomes, therefore, only 
apparent when collision parameters appear explicitly; the collision 
parameters, however, always occur under the logarithm and therefore 
do not affect the results considerably. 

2. Quantal Treatment of Collisions 

(a) Elastic Collisions 

187. We give the following very brief treatment of the quantum 
theory of elastic collisions. The non-relativistic treatment of this prob- 
lem was given by Wentzel (1927) and by Gordon (1928) ; the relativistic 
treatment of the problem according to Dirac's theory was carried out 
by Mott (1932). The loss of energy of fast particles was treated by 
Holler (1932), Bethe (1932), Williams (1932), Bloch (1933). 

Transition probabilities 

188. Consider an atomic system the stationary states of which are 
represented by wave functions 

Yi, T 2 , .... (92) 

A perturbation switched on at a time t may cause transitions of 
the system from one to another of its stationary states. It can be shown 
that the probability of a transition from state 1 to state 2 due to a 
perturbation II is given by 

2 



n 12 dt 



(93) 



with II 12 - J ^ IIT* eftT*, (94) 

where the integration denoted by d'f"* has to be carried out over all 
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coordinates; the time integration (93) has to be carried out over the 
time of the perturbation. IT 12 will be referred to as the matrix element 
of the transition. 

In case of a time-independent perturbation it is useful to introduce 
a transition probability per unit time. We assume the final state to 
lie in a continuum; the transition probability per unit time is then 
given by 

> 



where dN is the number of stationary states in the vicinity dW of the 
final state. The expression (95) for t n refers to transitions in which the 
total energy of the system is conserved (compare e.g. Dirac, Quantum 
Mechanics, Oxford, 1947, p. 172). 

It is often convenient to replace transition probabilities by effective 

cross-sections. We find 

A 3 



where v is the velocity of incident particles. 

The above approximate treatment is referred to as the Born approxi- 
mation. 

The Rutherford formula 

Matrix elements 

189. Consider two free particles of mass m and M and initial momen- 
tum p and P. To a first approximation we consider the particles as free 
and introduce the Coulomb force as a perturbation causing transitions. 

The initial state of the system is described by the following wave 
function: 

T! - -^exp! l -[PR-Wt+pr-wt]\. (97) 

A \n } 

This wave function corresponds to the non-relativistic approximation 
and is normalized to represent one particle of each kind per volume A 3 . 
It is further assumed that the particles are different. 

Consider the transition into a final state 2 with the wave function 



(98) 
Take the one particle to be a nucleus of charge Ze. surrounded by Z 
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of the nucleus dies out exponentially at large distances and we may put 
for the interaction energy 



II(r, R) - - exp(-*/2r gc ), (99) 

s 

where s = R r (s = |s|). (100) 

The matrix of transition from the initial to final state is obtained with 
the help of (94), (97), and (98) 



f f 



Both R and r have to be integrated over the volume A 3 . 

Centre of gravity system 

190. It is convenient to introduce new variables, namely s and 

S = (MR+mr)/(M+m). (102) 

S is the position vector of the centre of gravity. We find 

drdR = dsdS, (103) 

where we write dr, etc., for the differential volume element, thus 

dr = dr x dr y dr z , etc. 

The integral (101), expressed in terms of the variables ds and dS can be 
written as follows (note ww'-}-WW' 0): 



n 12 = ex P [p-p'+p-p'js dS - ds> 



(104) 



-1 J ^ 

with q= |j( P _P')_(P-P')]/(l+5). 

The integral into dS is equal to one, provided 

p+P - p'+P', (105) 

and vanishes otherwise. 

Eq. (105) expresses the conservation of momentum and thus we see 
that transition can only take place in accordance with the conservation 
of momentum. 

With the help of (104) and (105) we find 

q = P-P', (106) 

thus q is the amount of momentum transferred in the collision. The 
remaining integration in (104) can be carried out analytically. We find 
with the help of (94) 

_ 4ZeVA 

12 ~ 1 ' 
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In order to find the actual collision cross-section we have to determine 
the density dN/dW of final states. It is convenient to consider the 
collision in the centre of gravity system. In this system we have 

p' = -P'. (108) 

The number of stationary states in which the momentum of the scat- 
tered particle is found in the interval p' ', dp' and moving in a direction 
inside a solid angle Q is found to be 

- <I09) 



The energy in the centre of gravity system is 

W-^ 

~ 2 

and therefore we have 

1 dN _ m?dQ. . . 

A*i>dW~ (Wnf^T+m/M)' ( ' 

Inserting (107) and (110) into (96) we obtain for the cross-section in the 
centre of gravity system 

WdQ. 1 



Transformation into rest-system 

191. We note that vx(q)dl has the same value for any system of 
reference and thus the cross-section in the rest-system of the scatterer 
becomes 



The cross-section (112) may also be expressed in terms of #, the angle 
of scattering. For small scattering angles we have 

p ~ p' and q~Zpsin%& (113) 

besides dQ, 

And thus we have 



Putting further sind -^ & and neglecting fi/2pr BC compared with & we 
find finally 

torZWetdb ni -. 

_____. (115) 
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Comparison with the classical result 

192. It is seen that the cross-section (115) obtained from quantal 
treatment is identical with the cross -section (52) obtained from the 
classical treatment. A notable difference between the two treatments 
appears in the limitation for small angles. It is seen from the fuller 
expression (114) that for small angles & <.& m - in the scattering cross- 
section increases much less than dtf/t? 3 with decreasing angle. The 
difference becomes apparent for angles smaller than 

*min = */2pr ao . (116) 

The classical value for # mln is 131 v/c times smaller (see 181). 

Finite nucleus 

193. The large-angle scattering of fast particles is limited by the 
finite size of the nucleus. The Coulomb field inside the nucleus is much 
smaller than that of a point charge. Schematically the field can be 

represented by 

7p 

_(e--*/2'-e-_g--/?/2r.) (H7) 

jR 

(Williams, 1939c). Inserting (117) into (94) we see that the matrix 
element can be split into two similar contributions and we have 



The cross-section can be derived from this new matrix element exactly 
as before and we obtain 



with # min = KfZprn, # max - li/2pr z . (120) 

For angles in the region # <: ?? max (121) 

the second term in the curly bracket is small compared with the first 
term and therefore the cross -section is only slightly affected by the 
finite size of the nucleus. 

For angles > # max 

the two terms in the curly bracket tend to cancel each other and there- 
fore the probability of scattering through angles much larger than # max 
is negligibly small. 

In Fig. 29 we have reproduced from Williams (1939 c) the cross -section 
for scattering through various angles. Curve A refers to scattering by 
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Coulomb interaction only, while curve C gives the scattering by the 
short-range forces between the nucleus and the scattered particle. It 
is seen that for a pure Coulomb interaction scattering through large 
angles is unimportant. 




15 2;0 25 

(arbitrary units) 

FIG. 20. Showing scattering by 1 cm. lead plate due to 'non- 
electrical' and electrical forces respectively. From E. J. Williams, 
Proc. Roy. Soc. A, 169, 553. 

(b) Inelastic Collisions 

194. The energy transferred in an inelastic collision is equal to the 
energy of excitation or ionization of the atom. This energy is large com- 
pared with the energy which can be transferred in an elastic collision 
and therefore the energy loss of charged particles traversing an absorber 
is mainly due to the inelastic collisions. 

The rate of loss of energy can be worked out by evaluating the 
matrix elements and by averaging over the various collisions. A differ- 
ent method which corresponds much more closely to the classical treat- 
ment of the problem is due to Williams (1933 a). In this method the 
collision between primary and atom is treated as a time -dependent 
perturbation, the field of the primary particle sweeping over the atom 
being regarded as the perturbation. 

The probability of a transition being induced by the disturbing field 
of the passing particle is given by (93). The integration has to be 
carried out over the duration of the encounter. 

Collision with a hydrogen atom 

195. We consider the collision of an H-atom with a charged particle 
passing at a large distance a. If a is much larger than the dimension 
of the atom then it can be assumed that the disturbing field is constant 
at any instant over the region occupied by the atom. 
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The perturbation energy can thus be written as 

H(0 - xF x , (122) 

where x is the coordinate of the electron parallel to the field and F x is the 
force defined in (45). With (122) and (93) we obtain for the transition 
probability 

Zii = (l*i2l a / 2 ) J F x e-W^W dt 2 , (123) 



where 



x l2 = J ^i(r Jx^^i) dr i> 



are the wave functions representing ground state and excited state of 
the atom. 

If the time of collision is short compared with the time of oscillation, 

t C oii<^l\W l -~W 2 \ 9 (123a) 

then the exponential in the time interval can be taken as constant and 
thus we have 

J F x e-WK-W* dt ~ J F x dt = P^ (124) 

where P' cl is the momentum transferred according to classical theory to 
one of the atomic electrons. 

The total energy transferred to the atom according to classical theory 

IS p/2 



We proceed to compare the energy loss obtained from classical theory 
with th$t obtained from quantum theory. 

The transition probability according to quantum theory can be 
written with the help of (123), 124), and (125) 

9*w 

T W e I y I 2 
^12 " Gl ~fi2~ ' 12 ' ' 

The average energy transferred is obtained by averaging over all types 
of transitions. We have 

W = W'^ y \x^(W k -W,) t (127) 

n k 

where the sum has to be extended over all stationary states of the atom 
including the continuum. It was shown by Bethe (1932) that 



And thus one finds W = W.,. (128) 
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Thus the average energy lost by a fast particle in collisions at large 
distances is given correctly by the classical theory; the actual amounts 
lost in individual collisions are, however, much larger than predicted by 
the classical theory. A fast particle passing an atom at a large distance 
will usually pass without interacting, while in rare cases a strong inter- 
action leading to excitation or ioiiization will take place. 

We note that the above derivation becomes invalid for slow collisions 
where (123 a) is not fulfilled. It can thus be shown that inelastic colli- 
sions with atoms at distances larger than a max (58) are improbable. 

3. Radiative Collisions 

The theory of radiative collisions using Born's method was given by 
Bethe and Heitler (1934). The radiative collisions can also be treated 
by the impact parameter method (Williams (1933 a) and Weizsacker 
(1934)). In the following we sketch the latter method of approach. 

Treatment as two-body collision 

196. Charged particles involved in close collisions suffer sudden 
acceleration and thus emit electromagnetic radiation. According to the 
classical theory the rate of energy emitted is given by 



d ~ 3c 3 \ 

For fast electrons these radiative collisions cause a much greater loss 
of energy for fast particles than the inelastic collisions. 

Energy loss in rest-system of colliding particle 

197. Consider an electron with velocity v ~ c flying past ^ nucleus 
of charge Ze. We proceed to calculate in terms of the classical theory the 
radiation emitted by the electron. 

It is convenient to consider the collision in the rest-system of the 
electron and to transform eventually the results thus obtained from 
the rest-system of the electron to the rest-system of the nucleus. 

In the rest-system of the electron the nucleus is flying past the 
electron ; the Coulomb field of the nucleus acting upon the electron is 
given by (45). 

The electron is accelerated and the rate of energy thus emitted is 
obtained from (129) and (45) on setting 

Z = Z, z = 1, w = m e . (130) 

Ze*Ba 



w fi ^i o 

We find thus - 2 = \ 

dt 3c 3 
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The total energy emitted is obtained by integrating over the time of 

* (~e). (132) 



CdW 
= MLp 

J dt 



Transformation into rest-system of nucleus 

198. We have to transform the energy into the rest-system of the 
nucleus. 

In the rest-system of the electron the radiation is distributed as that 
of a radiating dipole. No radiation being emitted in the transverse 
direction, the maximum of the intensity is emitted in the plane per- 
pendicular to a. We assume, however, for simplicity that the radiation 
is distributed isotropically round the electron. 

Transforming into the rest-system of the nucleus we find from (27) 
that the total energy emitted in the system of the nucleus will be 

W~W B. (133) 

The probability for a collision at a distance between a and a-\-da 
from the nucleus is 2nada and therefore the average energy loss per 
collision is obtained as 



r/W r 

- = N 
d$ J 



2 mi 



(134) 



The rate of loss of energy thus diverges due to the contribution of the 
close collisions. 

Limitation of the method 

1 99. The divergency of the expression ( 1 34) can be shown to be caused 
by the breakdown of the classical theory for close collisions. The limita- 
tion of the classical theory can be best shown in the rest-system of the 
electron. 

The wave -packet representing the electron must be smaller than the 
width of the Coulomb field passing over the electron. The field has a 
width of the order of 2a/B and thus we have the condition 

2a/5>Az. (135) 

The uncertainty of the momentum of the electron must be small as 
compared with m e c. We have therefore 

m e c>Ap. (136) 

With the help of (88) we have thus the condition 

2a/J3.ra e c > 27rU 
or a > 1377rr 5 = a^. (137) 
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Introducing the above value for a min into (134) we have 



(138) represents, however, a lower limit only, as collisions at distances 
less than & min , though not accessible to classical treatment, still contri- 
bute to the energy loss. 

Treatment as scattering of light 

200. The collisions at distances less than a min can still be treated 
classically as follows. 

The field of the fast-moving nucleus in the rest-system of the electron 
is almost identical with the field of an electromagnetic wave. The 
difference between the field of an electromagnetic wave and that of the 
moving nucleus is confined to discrepancies of the order of 1/J5; thus: 

1. The field of the nucleus is almost exactly transverse. Because of 
the Lorentz contraction of the field the ratio of the longitudinal 
and transverse components is l/B. 

2. The field moves almost with the velocity of light. The difference 
between v and c can be expressed as 

i v l 

I -- rv^ - 

c 2B*' 

3. The electric field is accompanied by an induced magnetic field. 
The electric and magnetic components are perpendicular and they 
differ only by amounts of the order of 1/2JB 2 . 

Equivalent spectrum 

201. The passing field can be resolved into Fourier components and 
therefore the collision can be considered as the scattering of the mono- 
chromatic components by the electron. 

The field strength E(t) due to the passing nucleus consists of a short 
light pulse. The intensity in the spectral region v, dv is given by 

/ ~ fC \2 

dl(v) ~ dvl j E(t)coavt dt\ . (139) 

\ _ oo / 

Considering small frequencies v, the cosine term can be regarded as a 
slowly varying function, and we have approximately 

J E(t)cosvtdt~ f E(t)dt. 

For frequencies large compared with the period of the collision the 
function E(t) can be taken to vary only slowly as compared with the 
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cosine term and thus the value of the integral is small. Schematically 
the spectrum (139) can be represented as follows: 

2 



dl(v) 



const, for v 



t, 



''coll 



2 (140) 

-0 forv> . 

^coll 

202. According to the classical theory the cross-section for the scat- 
tering of radiation of any frequency by a free electron is given by the 
Thomson formula 

Scattering = 87TTJ/3. 

The energy scattered by the electron can thus be worked out and after 
transformation into the rest-system of the nucleus the energy loss of the 
electron is obtained. The total rate of loss thus obtained is of course 
the same as that obtained in the previous treatment. 

Scattering of equivalent radiation field 

203. The scattering of light by free electrons has been treated by 
Klein and Nishina (1929) using Dirac's relativistic quantum theory of 
the electron. It is found that the classical cross-section is valid only for 
small frequencies. For frequencies exceeding v e = m e c 2 /fi, the scattering 
cross-section becomes much smaller than the Thomson cross -section. 

This breakdown of the classical theory can be understood in general 
terms. The interaction of light with an electron can be treated classically 
as long as the wavelength A of the light is large compared with the wave- 
packet representing the electron. Assuming that the uncertainty of the 
momentum of the electron is smaller than m e c, this gives 

Xm e c ^> 27rft 

i ^i 2?rC . ,,, 

and thus v = < m p c* In. 

A 

204. Thus the large frequencies contribute comparatively little to 
the total scattering. We can assume schematically that classical theory 
holds up to frequencies v e , but that no scattering takes place for higher 
frequencies. 

At distance a > a min /7r (compare (137)) the time of collision is longer 
than 2/v e and thus the spectrum (140) does not contain frequencies 
above v e . For these collisions the classical treatment is justified. 

The limitation of the classical theory becomes important for smaller 
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distances. From (57) and (140) it is seen easily that for collisions at 
distances a < a min /7r only a fraction 



of the spectrum contains low frequencies and therefore the classical 
expression for energy transfer must be reduced by this factor. Thus 
excluding frequencies larger than v e we have to replace (133) by 



7* / ./ 

nZ* r n V TTTc, 

"T" i 
4 \a] \a mi 



9 / 
* (a 
mi j 

Inserting the value for a mln from (137) we can integrate over collisions 
at different distances and we obtain 

-7T 2 Z 2 r* 

!L. ~N{log(a m[ J ai )+l}m e c*, (142) 



where a^ is the smallest distance for which the modified classical picture 
holds. As the wave-packet representing the particle is rather larger than 
h/m e c we may put 

a e = h/m e c = 2a min /J3, 

and thus with the help of (137) and (142) we obtain 



Effect of screening 

We have so far neglected the effect of screening due to the atomic 
electrons. For energies larger than 

W >W l = 7rl31m e c 2 Z-* 

we find a mln /7r = ^ 8C , and thus for energies larger than W many of the 
collisions take place outside the screen of the atomic electrons tind are 
therefore ineffective. 

The shielding of the electrons can be taken care of in a rough way by 
assuming that collisions at distances less than r gc are not affected by 
screening while collisions outside r gc lead to no energy transfer at all. 

With these simplified assumptions we find 

137 = 192. (144) 



205. The treatment of the collision radiation as given in the pre- 
ceding section is due to Williams (1934 a) and to Weizsacker (1934). 
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Making use of the exact Klein-Nishina formula these authors also 
obtain expressions in good agreement with the results obtained by 
Bethe and Heitler from Born's method. 

Discussion of radiation formulae 

206. The following features of the radiation formulae should be 
noted. 

1. The rate of loss of energy is proportional to the energy of the 
primary. The range of energetic electrons therefore increases only 
slightly with increasing energy. 

2. The loss of energy for electrons is proportional to rg and therefore 
is proportional to 1/m 2 . It is seen therefore that the radiation loss for 
particles heavier than electrons is much smaller than the corresponding 
loss for electrons. 

3. The rate of loss is proportional to Z 2 . Therefore the radiation loss 
is much more important in heavy elements than in light elements. 

4. The collisions take piace at large distances as compared with the 
nuclear radius and therefore no effects due to the finite size of the 
nucleus should be expected. This is true irrespective of the energy of 
the incident electrons. 

5. The possibility of a breakdown of the radiation formulae for high 
energies has been much discussed. It is seen, however, from the treat- 
ment of the collision in the rest-system of the electron that the theory 
of the radiative collisions is based on the scattering of quanta with 
energies less than m e c 2 . The high energies which appear in the system 
of the observer are only introduced later by the Lorentz transformation. 
It is therefore unlikely that the radiation formulae should become 
invalid even for very high energies. 

E. MESON THEORY 

207. The meson theory was created by Yukawa (1935) (see also 
Yukawa and co-workers, 1937, 8) in an attempt to account for the forces 
acting between nucleons in atomic nuclei and to account for the 
j8-activity. Yukawa's theory is an improved form of the theories of 
Heisenberg and Fermi. These older theories regard the nuclear forces 
as exchange forces due to the exchange of electron neutrino pairs. 
Yukawa postulated the existence of a new particle which is responsible 
for the short range forces. The ^,-meson discovered among cosmic rays 
seemed to have all the properties predicted by Yukawa and was prelimi- 
narily identified with Yukawa's particle. At present it is thought more 
likely that the Ti-meson is Yukawa's particle. 

3585.40 
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One of the outstanding problems of theoretical physics is to under- 
stand the significance of the distressingly increasing number of 'elemen- 
tary' particles and to account for their properties. (Compare, e.g. 
suggestions put forward by Klein (1948).) 

No fully satisfactory theory of the production of mesons in the cosmic 
ray has been found. Hamilton, Heitler, and Peng (1043), have worked 
out the cross-sections for the emission of mesons in collisions between 
fast nucleons and give a qualitatively correct picture of some features 
of cosmic rays, if the latter theory is taken to apply to 7r-mesons rather 
than jLi-mesons. (See also Heitler and Janossy (1949 a, b).) 

In the following we give a brief account of meson theory. 

1. Yukawa's Hypothesis 

208. The short range forces between nucleons can be accounted for 
according to Yukawa (1935) by assuming that the nucleons are sources 
of a field somewhat similar to the electromagnetic field, called the 
' meson field'. The nucleons have to be assumed to carry a 'meson 
charge' which gives rise to the field. Meson charge and meson field are 
analogous to quantities appearing in the electromagnetic theory. 

To account for the strong spin dependence of the nuclear forces it is 
assumed that the meson charge consists of two parts. 

1. A scalar meson charge, analogous to the ordinary electric charge. 

2. A dipole charge having the direction of the spin of the nucleon and 
corresponding to magnetic dipole moment in the electromagnetic 
theory. 

2. The Meson Field 

(a) General Properties 
The static field 

209. A static electric field can be derived from a potential which 
obeys the Laplace -Poisson equation 

V 2 0> = -47T/>. (145) 

The field of a point charge is obtained by assuming p S(r), where S(r) 
is the three-dimensional Dirac function. The corresponding solution of 
(145) is the Coulomb potential 

= e/r. 

The meson field is supposed to be derived from a meson potential $,f 
obeying the following equation in free space: 

V 2 < = ! 2 <, (146) 

| A bar (~) will be used to signify quantities referring to the meson field. 



209] MESON THEORY 115 

where I/I has the dimension of a length. The solution of (146) corre- 
sponding to the field of a point charge is found as 

= (l/r)exp(-fr). (147) 

It is seen that the meson potential decreases exponentially with dis- 
tance. The forces due to the meson field are therefore short range forces 
with a range of the order of 1/t. The forces between nucleons are known 
to have ranges of the order of r = e 2 /m e c 2 and therefore in order to 
account for the nuclear forces in terms of the meson field it is necessary 

to assume , 2/ 2 , x 

I/I ~ e 2 /m e c 2 . (148) 

Meson waves 

210. Electromagnetic waves in free space obey the following wave 
equation: 

= > 

(149) 



c dt 

One form of the wave equation of the meson field can be written as 



V*A-I 

where A is the vector potential of the meson field. The meson field 
strength E and H can be derived from the potentials <f> and X by the 
equations analogous to (15), which are valid for the electromagnetic case. 
The general solution of (149) can be represented as a superposition 
of plane waves. Similarly the solution of the meson wave equation can 
be taken as a superposition of plane waves. To obtain a plane wave 
travelling in the ^-direction we look for a solution depending only on x 
and t. Further we restrict ourselves to monochromatic waves with 
frequency v and assume 

Introducing (151) into (150) we find the following equation for the 

amplitude <f> (x): , 2 T 

fl 0o _ 

dx* 
and therefore the plane wave solution can be written as follows: 

$(x,t) = const. xexpi Ix /l^ I 2 ) ^}. (153) 
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211. The solution (153) representing a plane wave of the meson field 
differs appreciably from a plane wave in the electromagnetic field. The 
main differences are as follows: 

1. We state without proof that the meson wave, when expressed 
in terms of the field strength, has both longitudinal and transverse 
components. The longitudinal component is proportional to I and 
disappears in the limiting case of f -> 0. 

2. The phase velocity v p of meson waves is larger than c. We find 
from (153) 

(154) 



The meson 

212. According to quantum theory the electromagnetic field can be 
resolved into quanta with energy 

W = Kv 
and momentum 

P - fi/A (A = wavelength/277). 

The corresponding treatment of the meson field leads to the following 
expressions : 

(155) 



where W and P are the energy and momentum of the quantum asso- 
ciated with the meson field. The velocity of the quantum is obtained 
from (12) as 



this velocity represents also the group velocity of a meson wave-packet. 
From the relation (6) we have 

m w - VOTc 4 -^ 2 /' 2 ) = ~, (156) 

c 

where m n is the mass of the quantum. The quanta of the meson field 
are assumed to be the mesons and thus m^ is the meson mass. 
Comparing (156) and (148) we find 

fir 
m n - ^m e - 137m c . (157) 

a 

The above estimation refers to the order of magnitude only. A more 
detailed treatment leads to a somewhat larger value of m n . 
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The observed value of the Tr-meson mass (see App. Ill) is about 

m n = 280w e , 

in agreement with the prediction of the theory. There are, however, 
some indications for a meson of mass // ~ I000m (Leprince-Ringuet 
and Lheritier (1944), Rochester and Butler (1947), Powell (1948)). 

(b) Nuclear Forces 
Electric charge of the meson 

213. Yukawa (1935) postulated that the mesons carry unit electric 
charges, either positive or negative. 

The electric charge carried by the mesons can be expressed in terms 
of the meson field. Expressions have been given which represent the 
electric charge density and the electric current density associated with 
a meson field. 

In analogy with the emission and absorption of electromagnetic radia- 
tion by an electric charge it must be assumed that nucleons are capable 
of emitting or absorbing mesons. To safeguard the conservation of 
charge it must be assumed that a proton can only emit a positive meson, 
changing thereby into a neutron, and that a neutron can only emit a 
negative meson, changing after emission into a proton. 

Processes in which a proton emits a meson which is absorbed by 
another neutron give rise to exchange forces between the nucleons very 
similar to the exchange forces between atoms due to the exchange of 
electrons. It is believed that the internuclear forces are due to meson 

exchange. 



Neutretto 

214. Exchange forces as described in the preceding paragraph are 
expected to act only between unlike nucleons. Two protons or two 
neutrons are clearly incapable of the exchange of a charged meson. It 
was shown by Frohlich, Heitler, and Kemmer (1938) that forces between 
like particles arise due to higher-order exchanges in which two mesons 
are exchanged simultaneously. An essentially different approach is to 
postulate the existence of neutral mesons or 'neutrettos' (Arley and 
Heitler (1938)). 

Kemmer (19386) has given a formulation of the meson theory in 
which positive, negative, and neutral mesons are introduced and which 
leads to exchange forces between nucleons independent of their electric 
charge. 
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215. Kemmer's (19386) formulation is made attractive by its 
great simplicity. It must be pointed out, however, that there is no 
experimental evidence available to indicate the occurrence of neutral 
mesons. | On the other hand no experimental evidence against the 
occurrence of neutral mesons has been brought forward. 

The spin of the meson 

216. It was shown by Kemmer (1938 a) that there are four different 
possibilities for the formulation of the equations of the meson field. 

In its simplest form the meson field has only a scalar potential obeying 
the first equation of (1 50). The ' meson field strength' is then defined by 

F = -grad& = 3 -j. (158) 

It is readily seen that plane waves in this case are longitudinal and 
therefore the waves show no polarization. This case corresponds to 
mesons with spin zero. 

The meson field originally suggested by Yukawa (1935) was actually 
the scalar field. The scalar field leads, however, to a wrong spin depen- 
dence of the nuclear forces: Assuming the scalar field, the force between 
a proton and a neutron is obtained to be attractive in the *$-state and 
repulsive in the 3 $-state. The deuteron is found experimentally to have 
a spin 1 and therefore the ground-state of the deuteron must be in first 
approximation a 3 $-state, in contradiction to the prediction of the 
scalar theory. 

A better agreement with observation is obtained when the meson field 
of the vector type is assumed (Frohlich, Heitler, and Kemmer '(1938)). 
The vector field is that described in 210. The state of polarization of 
the field is connected with the spin of the meson ; the vector meson with 
three states of polarization has spin 1. 

217. The actual value of the meson spin, though not known at 
present, should be accessible to experiment. The cross-section for the 
production of high-energy electron secondaries by fast mesons travers- 
ing matter depends strongly on the value of the spin of the meson. The 
spin of the meson could in principle be deduced from the number of 
high-energy secondaries produced by the meson component. The experi- 
mental evidence derived from cosmic-ray data will be discussed in 

t Certain experiments are often quoted in the literature as evidence for the exis- 
tence of neutral mesons. It will be shown in 286, 294 that these results are quite 
inconclusive. 
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Chapter VI. The interpretation of results is rendered difficult as 
the relative contributions of TT- and ^-mesons at high energies are not 
known. 

218. Apart from the two types of field discussed in 216 two more 
possibilities giving rise to fields with similar properties can be envisaged. 
These fields may be denoted in accordance with their covariance 
properties as 'pseudo-scalar field' and 'pseudo- vector field'. 

(c) f$-Decay 
Instability of the meson 

219. Yukawa tried to account in his theory for both the nuclear 
forces and /3-activity. He assumed that the meson is unstable with a 
half-life of about 0-25 x 10~ 6 sec. and assumed that it decays into 
an electron and a neutrino. It was pointed out subsequently by 
Nordheim (1939 a) that the life of the meson must be assumed to be 
shorter, namely about 10~ 8 sec., so as to account for the /8-decay of 
nuclei. 

When the /x-meson was discovered among cosmic rays it seemed 
natural to identify it with Yukawa's particle. Furthermore, it was 
found that the /i-meson is unstable, giving rise to an electron in its 
decay, and this seemed further to support Yukawa's theory, particularly 
its connexion with j8-decay. 

However, the observed half-life of the /^-meson is / = 2-1 x 10~ 6 sec. 
(see 345 Chap. V) and it was realized that this time is too long to be 
compatible with the requirements of Yukawa's theory. 

Suggestions were made to bridge the difficulty. Nordheim (1939 a) 
discussed the possibility that the ^c-meson decay may be forbidden in 
the first approximation and may be more rapid inside a nucleus than 
in free space. 

Theory of M011er and Rosenfeld 

220. Moller and Rosenfeld (1940) were the first to consider the possi- 
bility that j8-decay might after all not be connected with the com- 
paratively long-lived /x-meson. 

These authors assume the existence of two different types of mesons: 
a meson of spin (which they tentatively identified with the ^t-meson; 
the only meson known at the time) and secondly a (vector) meson of 
spin 1 which was supposed to have a half-life of 10~ 8 sec. and to be 
responsible for the j8-decay. 
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While M011er and Rosenfeld assumed the two mesons of equal mass 
a more general theory was put forward by Schwinger (1942) assuming 
two mesons of different mass. 

221. As a result of the discovery of the 7r-meson (and possibly heavier 
mesons) these theories have to be regarded in a different perspective. 
It is now clear that the /x-nieson is not connected with nuclear forces 
and therefore it cannot be connected with /?-activity either. 

The theory of /3-activity is quite obscure at the moment but the 
following possibilities may be stated. The 77-meson may possibly have 
a probability of decaying into an electron and neutrino. Though there 
is no experimental evidence to support the assumption of such a decay, 
there is no objection to assuming such a process provided its half-life is 
taken to exceed noticeably 10~ 8 sec., the period of the Ti-^-decay. 

Alternatively it is possible that the /3-decay is a property of nucleons 
and does not take place through the medium of mesons. In this latter 
case there would be no direct connexion between /3-decay and nuclear 
forces. 

222. On account of the conservation of momentum a free particle 
can just break up into two components. It was generally believed that 
the jit-meson decayed into one electron and a neutrino. Recent evidence 
makes the assumption of a decay into three particles, e.g. one electron 
and two neutrinos, likely (Steinberger (1948) ; Leighton, Anderson, and 
Aaron (1949); 0. F. Powell and co-workers (1949)). 

223. The following interesting order of magnitude relation between 
the observed half-life of the ju,-meson and other universal constants was 
observed by Blackett (1939). 

One finds c/ = B Q (e/w), " (159) 

where J? = e 2 /^c 2 and w = VCrju, is the 'gravitational charge 5 of the 
meson. O is the gravitational constant. 

The relation (159) is only qualitatively correct. As the order of magni- 
tude of / cannot be expressed simply in terms of universal constants 
without the gravitational constant the above relation can be taken as 
evidence for a connexion between meson decay and gravitation. 

3. Observational Evidence for the Meson Theory 

(a) The Deuteron 

224. A crucial test of any formulation of the meson theory is whether 
the formulation leads to correct predictions of the properties of the 
deuteron. 
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The following relevant facts about the deuteron are known experi- 
mentally: 

1. The ground state of the deuteron is a triplet state, probably 3 $. 

2. Scattering experiments indicate the existence of a 1 /S-state with 
roughly half the potential energy of the ground state. 

3. According to the observations of Kellogg, Rabi, Ramsey, and 
Zacharias (1940) the deuteron possesses a quadripole moment. The 
moment is parallel to the spin and its magnitude is Q = 2-73 X 
10~ 27 cm. 2 Thus the nucleus behaves as a prolate spheroid 
spinning about its major axis. 

225. Each of the four possible meson fields described in the previous 
section contains two arbitrary parameters / and g corresponding to the 
meson charge and the meson magnetic moment of the nucleons. 

It was found by Frohlich, Heitler, and Kemmer (1938) that the 
requirements (1) and (2) can both be fulfilled by a suitable choice of the 
constants / and g provided the vector meson field is used. 

However, the vector meson field gives rise to a dipole interaction 
between the nucleons leading to a force proportional to 1/r 3 . It is well 
known that stationary states cannot exist for such a high singularity 
and therefore no reliance can be based upon this treatment. 

226. Bethe (1940) has investigated how far it is possible to eliminate 
the singularity by a c cutting-ofF process. It was found that it would 
be necessary to cut out the meson field up to distances of the same order 
as the radius of the deuteron to make the cutting off effective. This 
procedure appears quite unsatisfactory. 

If only neutral mesons are assumed then a more satisfactory ' cutting - 
off 5 radius can be obtained. But as observations give evidence only for 
charged mesons, it appears unsatisfactory to formulate a theory of the 
nuclear forces based on neutral mesons only. 

227. A way of eliminating the singularities was proposed by M011er 
and Rosenfeld (1940). It was shown that by choosing a suitable super- 
position of two meson fields it was possible to obtain an interaction free 
from dipole singularities. 

In particular, by choosing the superposition of the pseudo -scalar 
field with the vector-meson field it was possible to obtain a force 
between nucleons free from the dipole term and which at the same 
time satisfied all the three requirements given above regarding the 
deuteron. 

228. According to this formulation of the meson theory the mesons 
have to be regarded as a mixture of two types; namely * pseudo -scalar' 
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mesons and ' vector' mesons. The former have spin zero while the latter 
have spin one. It is further suggested that the 'pseudo-scalar mesons' 
are the ordinary mesons observed in the penetrating component of 
cosmic rays while the vector mesons are supposed to have a mean life 
of only about 10~ 8 sec. and these mesons are supposed to be mainly 
responsible for the radioactive /3-decay. 

The theory of M011er and Rosenfekl (1940) represented for some time 
the most satisfactory formulation of the meson theory. The situation 
has become more complicated recently: more experimental evidence 
has been brought forward and more theoretical work has been carried 
out. In particular experimental results on the scattering of nucleons by 
nucleoris have become important. 

A review of the rather uncertain state of the theory has been given 
by Rosenfeld (1948) in his Solvay report. While it still appears neces- 
sary to assume the existence of at least two different types of nuclear 
force meson it does not seem likely that the dipole singularity of the 
field can be removed even to a first approximation by superposing 
the fields. 

(b) Collisions 
Scattering 

229. The simplest collision process involving mesons is the scat- 
tering of mesons by nucleons. This process is analogous to the 
scattering of light by an electric charge, and therefore the classical 
treatment of the problem of scattering of meson waves necessarily 
leads to a scattering cross-section analogous to the Thomson cross- 
section for light. * 

The scattering cross-section obtained from the classical treatment is 
according to Bhabha (19386) (writing ^ for the meson mass) 



where / is the meson charge of the scattering nucleon. We note that 
the cross-section contains the meson mass and not the nucleon mass M. 
The reason for this can be understood by comparing the process of the 
scattering of meson waves with that of the scattering of electromagnetic 
waves in more detail. 

A light wave falling on an electric charge makes the charge vibrate 
with an amplitude inversely proportional to the mass of the charge, 
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resulting in omission of light by the vibrating charge inversely propor- 
tional to the square of the mass. 

A meson wave falling on a nucleon produces two effects: (1) the 
nucleon as a whole vibrates with an amplitude inversely proportional 
to M ; (2) the wave induces transitions between proton and neutron 
states accompanied by the emission and reabsorption of a meson. This 
second process may be compared with the polarization of the nucleon 
by the meson wave. The inertia in this process arises from the mass 
of the virtual meson and thus the cross -section is proportional to 
1/jit 2 . The second process is, of course, far more important than the 
first. 

230. The cross-section (160) is of the same order as that obtained 
from the quantal treatment for low-energy mesons. According to this 
treatment the cross -section for scattering increases rapidly with the 
incident energy. The cross-section (160) is, however, clearly incom- 
patible with observation. 

We may write instead of (160) 



(161) 



f 2 /fic is a number which plays a role in meson theory comparable with 
Sommerfeld's fine structure constant e^jTic for the electromagnetic field. 
It is estimated that/ 2 /#c is of the order of unity. The cross-section (161) 
is therefore according to (148), (156) of the order of 

~ (fi/IJic) 2 ~ (e 2 /m e c 2 ) 2 ~ 10~ 25 cm. 2 (162) 

231. Because of the short range of the meson force most collisions 
should result in large -angle collisions. Thus the mean free path of a 
meson before being scattered through a large angle should be, according 
to (162), 

^ ~ 20 gram/cm. 2 (163) 

Although this cross-section applies to Tr-mesons, and not to //,-mesons 
as supposed originally, it seems to be unreasonably large. 

232. Various other collision processes have been treated by Born's 
approximation. Most of these cross-sections are too large to be 
compatible with observation; we have collected in Table 1 a few 
results. 
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TABLE 1 

Cross -sections for processes involving mesons 
calculated without radiation damping 
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Process 



Scattering of meson by nu- 
cleon 



Scattering of a photon by a 
meson. 

Absorption of meson emitting 
a photon, or emission of 
meson by photon : 



Emission of meson pair by 
photon.f 



Emission of photon j* by meson. 



Scattering of meson by Cou- 
lomb field. 

Production of secondary elec- 
tron by meson. 



Cross-section 



^scattering 10~ 27 cm.* -| 



5 

Is 



W e*\ hv 

s V 2 /^ 



^> 10~ 26 cm. 2 for primary 
energy /uc 2 , decreasing 
with primary energy. 




See 240, 241. 



A uthor 



Heitler (1938), Bhabha 
(19386), A. H. Wilson 
(1940), Ma (1942), and 
others. 

Smowolinsky (1940). 



Massey and Corben (1939 
a, 6). 



Booth and Wilson (1940). 



Booth and Wilson (1940). 



f In Coulomb field of nucleus. 

Besides, the cross-sections thus obtained are increasing with energy; 
this is also difficult to reconcile with observational evidence. * 

It is thus seen that the meson theory in its simple formulation leads 
to results incompatible with observation. 

An attempt was made (Heitler and Ma (1940), Bhabha (19406, 1)) to 
overcome the difficulties of the meson theory by postulating that proton 
and neutron are the lowest states of energy of the nucleon and assuming 
the existence of higher excited states corresponding to charges -e, 2e,... 
and to spin values f ,... . 

This theory leads to the strong coupling theory, it gives smaller cross- 
sections for some of the collisions, but it has been largely abandoned 
because of its great internal difficulties. 

233. The difficulties have been removed in a different way. It was 
pointed out by Bhabha (1940 a) that the radiation damping in the 
classical meson theory plays an important part. Radiation damping 
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was introduced into the quantal treatment of the meson field by 
Heitler (1941) and by A. H. Wilson (1941). 

The treatment of the radiation damping is rendered difficult because 
diverging terms appear in the theory. A method was suggested accord- 
ing to which the diverging terms can be neglected in an unambiguous 
way. 

234. The various cross-sections obtained by the treatment including 
radiation damping have reasonable values. A very satisfactory feature 
of the cross -sections thus obtained is that they decrease for large 
energies with increasing energy. 

Some of the cross-sections thus obtained are given in the following 
table: 

TABLE 2 

Cross-sections involving mesons calculated 
with radiation damping 



Process 


Gross-section 


Author 


Scattering by nucleon. 


/ h \ 2 / 2 ifJLC^Y 


Wilson (1941), Heitler and 
Peng (1942). 


^ \IJLC} g z -\-3f*\ w ) 




assuming charged me- 
sons only. 

(/& \ //AC \ 






liC/ \ 'W 1 

assuming the symmetri- 
cal theory including 
neutrettos ( 174). 




Emission of a (pseudo -scalar) 
meson by light quanta. 


V27r 2 e/ /2 /^\ 2 / M c 2 \ 2 


Hamilton and Peng (1944). 


/ \fJLC/ \ W 1 



All cross-sections for w ^> /nc 2 //. 

Low-energy interaction is discussed by Hamilton and Peng (1944), Heitler and Peng 
(1944). 

Emission of mesons by nucleons 

235. The collision between two nucleons can be treated by analogy 
with the radiative collisions between two electrically charged particles. 

Consider a fast nucleon flying past a stationary nucleon. The meson 
field of the fast nucleon is comparable with the field of meson waves. 
In particular the meson field can be resolved into Fourier components, 
each component corresponding to a monochromatic meson bearfu Thus 
the field of the nucleus can be represented by an equivalent meson 
spectrum. 

The meson waves passing over the stationary nucleus are scattered 
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and the scattered waves appear to the observer as mesons emitted in 
the collision. 

236. The emission of mesons in collisions between fast nucleons was 
treated in the above way by Heitler and Peng (1944), Heitler (1945). 

The results obtained were shown to agree reasonably with experiments 
(Hamilton, Heitler, and Peng (1943), Heitler and Walsh (1945), Janossy 
(1943)). This problem will be discussed in Chapter IX. 

F. SUMMARY OF THEORETICAL EXPRESSIONS 
1 . Elastic and Inelastic Collisions 

(a) Charged Particles 
Energy loss 

237. Charged particles lose energy due to inelastic collisions. Most 
of this energy is spent in ionizing atoms. Some energy is also lost by 
exciting atoms. 

The rate of energy loss is given by the Bloch (1933) formula for a 
particle of charge ze, mass m. We have for electrons 



dW _torNZz'<l> m f c*t ,B*m e vW ma 1 / z \\ 
~d8~~ (v/c)2 ( I0g /Z + W + \l ( ' 



(x) = 0-577+loga;+... = real part of (ix)\, 
N = number of atoms per gram, 



/ = 13-5 eV., 
W meLX = maximum transferable energy. 

238. For fairly fast particles we shall use sometimes the following 
approximation (compare Rossi and Greisen (1941)): 

dW ^ 



dd (v/cf 
with 



1 20-2 + 3 log -^-2 log Z\ (electrons) 



( V } 

{ 20-5+ 4 log -^ 2 log 2} (protons, mesons). 
(( e c I ) 



(165) 



(166) 



Unit: MEV. per (gram/cm. 2 ). 

Neglecting the terms log(p/m e c) 3 &/ can be regarded as constant; intro- 
ducing 1 

W k = mc 2 (B-l) and (v/c) 2 = 1 ~5 (167) 

2 
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eq. (165) can be integrated. We find for the range of a particle with 
initial energy W k 

m -v,. (I** 8 ) 




100 



0,1 2 3 4567 89 10 11 

FIG. 30 a. Range of mesons or protons in air, iron, and lead. (From Rossi and 
Greisen, Rev. Mod. Phys. 13, Fig. 3.) 

The following two approximations are useful: 
(1) non-relativistic case 

JJT9. -~ 

(169) 



(2) extreme relativistic case 



(170) 



The exact range momentum relation is reproduced in Figs. 30 a, b, c for 
air, iron, and lead. The graphs are taken from Rossi and Greisen (1941). 



in cm. air/MEV 
-f c 
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FIG. 30 6. Range of low -energy mesons in air (Livingstone and Bethe). 
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01 



10 10 

FIG 30 e. Collision loss of mesons in air, iron, and load. 
(Rossi and Greisen, Fig. 2.) 



Rate of ionization 

239. The rate of ionization of charged particles is nearly proportional 
to the rate of energy loss due to inelastic collisions. The average amount 
of energy expended per ion is 32 volts. Thus the rate of ionization can 
be taken roughly as 1 * 

^. (171) 



The rate of primary ionization is according to Bethe (1933) given by 
L 27 !\ , ^-^flog^v h& ^i (172) 



where a and b depend on the absorbing material and 7 is the excitation 
potential of the outer shell. For hydrogen an exact treatment is possible 
and one has 

7 = 13-5 eV., a = 0-285, 6 = 3-04. (173) 

Production of secondaries 

240. The cross-section for the production of a secondary electron 
with an energy in the interval w', dw' by a primary of energy w is given 
approximately by 2 , , 

. (174) 
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The equation (174) is not valid for secondaries of the order of the 
ionization potentials of the atoms; it is also invalid for secondaries with 
energies near the energy of the primary. 

For close collisions where the amount of energy transferred is compar- 
able with the primary energy it is important to consider spin interaction 
and also interaction of the magnetic moments of the colliding particles. 

The cross-section for the production of secondaries by an electron is 
obtained as (M011er (1932)) w k kinetic energy: 

. M , , 277<I> n ( W k I} 2 97 , /,^,-x 

v(w,w)dw' 7-7-- ,. *- m e c 2 dw' k . (175) 

(vlc) 2 \w k (ww') w k ) e * 

The cross-section for the production of secondaries by positive electrons 
is given by (Bhabha, 1938 a) 



. ,x 7 / 277<I> ft L ~w' k , n (w'j\ 2 ofw'jX 3 , fw f k \ 4 }m f c 2 dw lf 
X (w,w)dw =__;{l-2^+3^ -2^) + ^p_*. 

(176) 

The cross -section for the production of secondaries by mesons depends 
on the assumptions regarding spin and magnetic moment. In the follow- 
ing we give the cross-sections computed for various assumptions. 

Neglecting mJfjL against unity one finds for meson spin 0, magnetic 
moment (Bhabha, 1938 a) 

x( w > 

spin , magnetic moment efi/2fjic (Massey and Corben, 19396; Bhabha, 
1938 a) 



,, , , 27T$>Qm.,c 2 dw'L v 2 w k \ .___. 

,w')dw' = -_;^_- 1- ~ A- ; (177) 

(V/C) W k \ C Wfcmax/ 



(v/c) 2 w'g 

spin 1, magnetic moment eKj^c (Massey and Corben, 19396; Oppen- 
heimer, Snyder, and Serber, 1940) 

(- v 2 w' k \/_ lw k \ Iw'ff. lw k \ 

II n *- l + +^-4 1+^ 



w = p<? ~ 2 X 10 4 MEV. 
m e 

Scattering 

241 . The differential cross-section for a particle of momentum p to be 
scattered through an angle & ^> # min by a nucleus of charge Ze is given as 
follows : 

Particle of spin (Williams, 1939c): 
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Particle spin \li (Mott, 1929) 

^ ITITa. ( 181 ) 



C & 

Particle spin H (Massey and Corben, 1939) 

' (182) 



For small deflexions these cross -sections reduce to (180). 

242. The cross-sections are calculated for scattering by a point 
nucleus. If both screening and the finite size of the nucleus is taken into 
account then for small angles the cross-section (180) has to be replaced 
by (Williams (1939c)) 

' < 183 ' 



241m,c 



It is seen that scattering through angles & > # max is very rare. 

The cross -sections for the large -angle scattering of mesons due to 
short-range interaction is given in 234. 

It is seen that the number of secondaries with energies comparable 
to the primary energy depends strongly on the value of the meson spin. 
Such high-energy secondaries are found to be much more frequent for 
spin h than for spin \h or zero. 

243. The mean-square angle of scattering for fast electrons or mesons 
in an absorber 3 cm. thick is given by 



The mean -square linear displacement after traversing an absorber of 
thickness 3 is given by 

'- " 86) 



(6) Absorption of Photons 

244. Low -energy photons are mainly absorbed by the photo-electric 
effect. The cross-section for this effect is given by 
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The photo-electric effect is, however, unimportant for cosmic-ray pho- 
tons. More important is the scattering of photons by electrons. The 
cross-section for scattering is given by the Klein -Nishina (1929) formula. 




1 10 100 

FIG. 31. Klein-Nishina cross-section. 



1,000 



The 
1929) 



with 



total scattering cross-section is given by (Klein and ,Nishina, 



7 = 



w 
m p c 



(188) 



For low energies this cross-section tends to the limit of the classical 
Thomson cross -section, namely 

2w 



26 /w\ 2 | 



For high energies we have in good approximation 



(189) 



(190) 
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We note that for high energies the Klein-Nishina cross-section is much 
smaller than the corresponding classical cross-section. In Fig. 31 we 
have plotted <1> KN as function of y. We have also plotted as broken lines 
the approximations (189) and (190). 



2. Radiative collisions 
Electrons 

245. Fast electrons lose energy due to the emission of light quanta. 
The rate of loss is different for high and low energies because of the 
effects of the screening of the nuclear field by atomic electrons. 




FIG. 32. Fractional energy loss of radiation for electrons per 
radiation length for air and lead. (Rossi and Greisen, Fig. 9.) 



The rate of loss is given as follows (Bethe and Heitler (1934)) 
dw 



4NZ* 
137 



<D m c c 2 



(screening neglected), 

(complete screening, 
i.e. w > 



(191) 



The rate of loss of electrons in lead and air calculated from the combined 
effects of ionization and collision radiation is given in Fig. 32. 
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It should be remembered that the loss due to collision radiation takes 
place in large but infrequent steps. The actual loss is therefore subject 
to large fluctuations. 




FIG. 33. Differential radiation probability per radiation length of air for electrons of 

various energies. (The numbers attached to the curves indicate the energy of the 

electrons in MEV.) (Rossi and Greisen, Fig. 6.) 

The cross-section for an electron of energy w to emit a photon with 
energy in the interval between w' and w'-\-dw' is as follows: 



4Z 2 / e 2 \ 2 

qf- 

137 



/ e 2 \ 2 

[-} = 2-3Z 2 . 10- 27 cm. 2 , (192) 

\m e c 2 / 

= (12-l-761og 10 Z)Z 2 .10- 27 cm. 2 , 



=: _(072 0-106 log 10 Z).10- 2 cm. 2 /g. 
^9. 



withf 



a = 



1 



rO-021 (H), 



(193) 



VO-030 (Pb). 
t Compare Fig. 33. 
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The value of $(w,w f ) is valid for complete screening, i.e. if 
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(194) 



The form of >(w, w') in the case of partial screening may be obtained 
from the original paper of Bethe and Heitler (1934). 




FIG. 34. Differential probability of pair production per cascade unit of air for photons 

of various energies. (The numbers attached indicate the energy of the primary photons 

in MEV.) (Rossi and Greisen, Fig. 10.) 

Photons 

246. High-energy photons are largely absorbed by production of 
electron pairs. The cross-section of a photon producing a pair containing 
one electron with energy in the interval w ', dw r is given by (compare also 
Fig. 34) 



, 
X) dw' - <b%(w',w) log 



(195) 
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The total cross-section for the production of a pair by a photon of energy 
w is as follows : 



-=-17. 2w 109] , . . 

log - (no screening) 

v^faw'ldw'-*^- L J m * 54 J 

piogissz-* LI (P letescre 

[9 b 54 J w > 137m t c 2 Z-*). 



(196) 
Mesons 

247. The energy loss of fast mesons is mainly due to ionization. The 
rate of loss is given by the Bloch (1933) formula (compare E. J. Williams, 
1938). 

A beam of mesons is also diminished due to spontaneous decay. This 
process will be dealt with in Chapter V. 

Radiative loss of mesons has a small probability only, as such a loss 
is inversely proportional to the square of the rest-mass. The radiation 
cross-section for mesons is therefore expected to be (mj^) 2 times that 
for electrons given in (191). 

According to the meson theory without radiation damping the radia- 
tion cross-section increases with primary energy. Booth and Wilson 
(1940) find 

1 

- 

12 137\^C 2 / fJLC*\ W 

Taking, however, radiation damping into account the cross-section 
decreases with energy; compare Hamilton and Peng (1944). 



\ 2 W i 

O pad (w f ) dw' - \\ ^h-2- + 7~dw f . (197) 

' 2 / fJLC*\ ^ 2 ^ ' 



Protons 

248. Radiative loss is for protons even smaller than that for mesons. 
The energy loss of protons is therefore mainly due to ionization as far 
as electromagnetic forces are concerned. 

According to the meson theory both protons and neutrons lose energy 
in collisions resulting in the emission of mesons. For fast nucleons the 
loss due to this process is believed to be much larger than that due to 
ionization loss. 

G. ABSORPTION FUNCTIONS 
1. Straggling of Energy Loss 

The range of a particle is given by the average absorber thickness in 
which the particle is brought to rest. A mono-energetic beam of particles 
is, however, not stopped sharply at a given thickness of absorber. Due 
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to fluctuation of energy loss the actual ranges of the individual particles 
are distributed round the average value. 

Catastrophic Absorption 

249. If the absorption of a beam is due to collisions, each of which 
removes one primary particle completely, we speak of catastrophic 
absorption. An example of this kind of process is the absorption of 
photons by pair production. Assume the cross-section for a catastrophic 
collision to be V F and the number of centres per gram of absorber to be 
L. The probability of a collision along a path dd is then V dO (0 is the 
path expressed in grams per cm. 2 ) and the change of intensity dc along 

d0ls 



t (198) 

whence c e exp( a#), a L*. 

The absorption is exponential. We call the reciprocal absorption coeffi- 
cient I/a the mean range. 

250. It is interesting to consider cases where the primaries are 
removed by a fixed number of collisions. Putting again a = X F we find 
that the average number of collisions a primary suffers in a path h would 
be a#, if the primaries could survive any number of collisions. The 
probability that a primary suffers exactly n I collisions when tra- 
versing 6 is, according to Appendix I, 

-I 

- (199) 



And the probability that the primary suffers its nth collision in the 
interval 9, 9+dO is therefore 

a<W. (200) 



If primaries are removed by the nth collision, then the rate of prima- 
ries removed at h is 

e 

^, (201) 



,~c(6) = c J exp(-ae)^ 



o 

where c is the rate of incident particles. 
We find for n = 2 

c(0) = C (l + a0)exp(-a0). (202) 

Similar expressions are found for higher values of n. The cases n = 1, 
5, 10, and 20, are shown in Fig. 35. It is seen that with increasing n the 
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absorption function approaches a step function. For very large values 
of n the particles have an almost sharp range 

J> = n/a. (203) 

That c(h) approaches a step function can also be seen from (201). 
According to Appendix I the integrand of the right-hand expression 

Average range 



05- 




00- 



FIG. 35. Absorption functions. 

(201) can be approximated by a Gaussian distribution having a sharp 
maximum near 6 = n/a. The width of the Gaussian distribution is of 

the order of ~ D , / / /on^\ 

8B == vn/a. (204) 

28 R can therefore be regarded as the mean straggling. 

Range Absorption 

251. Primaries are absorbed according to range if the number of 
collisions required to stop a primary is large, so that the straggling can 
be neglected. Range absorption is expected, e.g. for particles losing 
energy mainly by ionization, as the ionization loss is built up of a large 
number of very small losses. A certain amount of fluctuation is, how- 
ever, expected due to occasional large losses. A detailed investigation 
shows, however, that the straggling of the range of ionizing particles 
which results from the occasional emission of energetic secondaries is 
small (Landau (1944)). 

2. The Gross Transformation 

252. The absorption functions dealt with so far were all derived for 
a parallel beam of rays. Such absorption functions can be applied, for 
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instance, if the intensity of the radiation is measured with a vertical 
coincidence arrangement under varying thickness of absorber. 

Cosmic -ray intensity is, however, often measured by means of an 
ionization chamber. An ionization chamber is equally sensitive for rays 
coming from any direction and therefore we measure with the ionization 
chamber the radiation intensity integrated over all directions of inci- 
dence. 

The problem arises as to the relation of the intensities measured by 
an ionization chamber and by a vertical coincidence arrangement. 

This problem was solved by Gross (1933) (compare also Williams, 
19336) for cases where the following assumptions hold: 

(1) It is assumed that the radiation incident on the top of the 
atmosphere is distributed isotropically; 

(2) that the primary particles traverse the atmosphere without being 
appreciably scattered, or if the primaries produce secondaries 
these continue in the direction of the primary; 

(3) that the intensity c(r) at any depth below the top of the atmo- 
sphere is a function of the mass which the particles had to 
traverse when travelling in the direction r. 

253. Consider a point A below the top of the atmosphere so that the 
mass equivalent of the atmosphere above A is 6 gram per cm. 2 Denote 
the vertical intensity at A by c(0, 0). The intensity in a direction 
inclined by & towards the vertical is, according to the assumptions 

UM3), 

c(&,6) = c(0,0/cos#). (205) 



We find therefore for the total intensity C(6), 

fr 

C(B) = 2-TT ( c(0,8/cos&)sm&d&. (206) 

o 

Introducing as a new variable x = 0/cos& under the integral one obtains, 
after dividing by 6 and differentiating with regard to 9, 

(207) 



Equation (207) is the Gross transformation; it is very useful for the 
comparison of absorption curves obtained by means of the ionization 
chamber with absorption curves obtained with counters. The Gross 
transformation was generalized by Janossy (1936). 
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254. We note two of the properties of the transformation (207): 
1. Differentiating with regard to 9 we find 



de 277 dp * ( } 

It is seen therefore that maxima of the vertical intensity c(0, 0) coincide 
with inflexions of the intensity (7(0). 
2. Introducing (7(0) = 1/0' we find 

(209) 



Thus if the intensity (7(0) changes according to a power law the vertical 
intensity is proportional to the total intensity. 



IV 

NATURE OF COSMIC RAYS AT SEA-LEVEL AND 
UNDER GROUND 

255. THE cosmic -ray beam near sea -level contains the following kinds 
of charged particles: 

(1) positive and negative electrons; 

(2) positive and negative mesons (at least two types of each); 

(3) protons. 

Non-ionizing agencies have also been identified, namely: 

(4) photons; 

(5) neutrons. 

It has been further suggested that cosmic rays may contain 

(6) neutrinos; 

(7) neutrettos. 

In this chapter we shall describe the experimental evidence as to the 
existence of the various particles. 

We shall disregard the historical development of the subject. Recent 
results obtained by the photographic plate technique could not be 
included in this chapter : they are dealt with in Appendix III added to 
this edition. 

A. IONIZING COSMIC-BAY PARTICLES 

1. Velocity and Charge 

lonization of Fast Particles 

256. The cloud-chamber tracks of cosmic rays can be classified 
roughly into two groups according to the density of ionization. Most 
of the observed tracks are thin, i.e. showing a low density of ionization, 
but we find thick tracks, i.e. tracks showing high density of ionization. 

It was shown in 125, Ch. II, that the individual ions giving rise to 
the track can be located if the expansion is made a short time after the 
passage of the particle so that the ions have time to diffuse before 
condensation takes place. With the technique of delayed expansions 
the rate of ionization of individual cosmic-ray particles can be 
measured. 
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257. The density of ionization produced by a particle of velocity v 

and charge Z l e is given by 

2 

J(w} ' (1) 



where J(w) is a function which increases logarithmically with energy 
and has nearly the same value for all types of particles ( 238). 

Due to the logarithmic increase of J(w) the ionization density J(w) 
reaches a minimum for a certain velocity. The minimum is found to 

occur for _ ^ rktf 

v = 0-96c air, v = O95c argon, 

corresponding to 

B = 3-6 air, B = 3-3 argon. 

The ionization minima are therefore as follows: 

Electron Meson Proton 

P mlnlmum 2 420 4,500 MEV./c 

For fast particles, v ~ c, with single charge Z v = 1, we have 

J(w) ~ J(w). (2) 

As J(w) varies only slowly with energy we find that the ionization 
density for a fast singly-charged particle is nearly independent of both 
the type of the particle and the actual value of its energy. 

In the following table we give calculated values of the rate of ioniza- 
tion of fast particles in air of N.T.P.: 

TABLE 1 

B = 1-4 2 5 10 100 1,000 

J(w) = 64-8 43-2 43-8 46-7 57-2 75-0 

B = (l-v 2 /c a )- 1/2 . ' 

It is seen that the ionization up to reasonable values of B is of the order 
of 50 ion pairs per cm. This is of the same order as the ionization density 
observed for thin cosmic-ray tracks. 

It must be concluded, therefore, that the majority of the tracks are 
due to cosmic-ray particles with single charges and with velocities v ~ c. 

Positive and Negative Particles 

258. The sign of the charge of cosmic-ray particles can be determined 
from the curvature of the tracks in a magnetic field provided the 
direction of the particles is known. 

In order to determine the relative numbers of positive and negative 
particles appearing in the cosmic-ray beam we can assume that all the 
particles are moving downwards. 
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259. Experiments carried out by Leprince-Ringuet and Crussard 
(1937), Leprince-Ringuet, Nageotte, and Lheritier (1941), Blackett 
(1937 a), Jones (1939), and Hughes (1940) show that the numbers of 
positive and negative particles are roughly equal, but that the positively 
charged particles are slightly in excess. 

The following figures are taken from Jones (1939). 

TABLE 2 

Positive excess of meson component 



Range in MEV. 


Number of 
positively charged 
particles 


Number of 
negatively charged 
particles 


200-2,700 
2,700-5,700 


274 
106 


208 
81 



260. For the determination of the charge of an individual particle it 
is not always safe to assume that the particle is travelling downwards. 
The direction of the particle can be sometimes determined by one of the 
following methods: 

1. The direction of the particle can be determined if it happens to 
produce an energetic secondary, as such secondaries are always pro- 
jected in the forward direction. 

2. If the particle passes through an absorber which is placed inside 
the chamber it is sometimes possible to observe the difference in curva- 
ture of the parts above and below the absorber. 

3. If the particle itself is the secondary of another particle it must 
be assumed to move away from its primary. 

2. Mass 
(a) Electrons 
Determination of upper limit of mass by ionization 

261. The rest-mass of a particle can be determined from the values 
of velocity and momentum (or energy). We have 

m = p/Bv. (3) 

The momentum can be determined from the curvature of the track in 
a magnetic field while the velocity can be determined, at least in prin- 
ciple, from the density of ionization. 

For fast particles, however, the density of ionization is practically 
independent of the velocity, while the expression (3) is very sensitive 
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to the exact value of the velocity. Therefore eq. (3) can only be used 
to determine the mass of a slow particle. 

262. Though (3) is unsuitable for determining the rest-mass of a fast 
particle it can always be used to give an upper limit for the value of the 
mass of the particle. 

Assuming for the moment that the function J(w) is constant and 
equal to J , we find from (1) for the density of ionization of a particle 
of momentum p and rest-mass m 

- (civ) V = J Q {1 + (mc/p)*}. (4) 



Observing a thinly ionized track with a magnetic curvature corre- 
sponding to a momentum p, we can conclude that the track is due to 
a particle of mass 

m 



In particular, if we are sure that the observed ionization is not greater 
than twice the minimum ionization J , then we conclude from (4) that 

m ^ p/c. 

Anderson (1932, 3) and also Blackett and Occhialini (1933) observed 
thinly ionized tracks of particles with momentum of about 10 MEV./c. 
These particles cannot be assumed to have masses much greater than 
electrons. It was concluded that such tracks are due to fast electrons. 

263, Anderson first reported photographs showing pairs of oppositely 
charged particles of low momentum (see Plate 3) starting from the same 
point. These observations led to the discovery of the positive electron. 

Evidence obtained from radiative collisions 

264. Only electrons of comparatively small momentum can be identi- 
fied by the procedure described above. Electrons of higher energy can, 
however, be recognized by their large tendency to emit collision radia- 
tion. 

It is seen from 245, Ch. Ill, that an electron passing through a lead 
plate 0-5 cm. thick suffers on the average one radiative collision. There- 
fore it is expected that electrons should lose a large fraction of their 
energy when passing through a comparatively thin lead absorber. 

Observations of Anderson and Neddermeyer (1937), Blackett and 
Wilson (1937), Ehrenfest and Crussard (1938 a, 6) show that some 
cosmic-ray particles lose as large energies as expected for electrons from 
the theory of radiative collisions ; these particles must be assumed to be 
electrons, 
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265. If an electron passes through a thick absorber it will lose most 
of its energy in the form of photons. The photons in their turn will be 
absorbed by the emission of pairs of electrons and the process goes on 
as a cascade. Thus an energetic electron falling on a lead plate, say 2 cm. 
thick, is expected to produce a group of electrons emerging from the 
bottom of the plate. 

This process is frequently observed we reproduce a typical case in 
Plate 3 6, Fig. /. The development of a cascade initiated by an 
electron is also seen very clearly in Plate 3 6, Fig. c. This photograph, 
due to Hazen (1944 a), shows a chamber subdivided by seven thin lead 
plates. It is seen that the number of secondary electrons increases after 
the passage through each of the plates. 

The analysis of photographs of the type shown in Plate 3 6 leads 
to a fair agreement with the radiation theory as will be shown in 
Chapter VI. 

266. Most cosmic-ray particles with momenta below 200 MEV./c 
lose energy at a high rate and are therefore electrons. 

Electrons with energies much greater than 200 MEV./c have also 
been identified; such high -energy electrons are, however, comparatively 
rare. 

Most cosmic-ray particles with momenta above 200 MEV./c lose only 
very little energy when passing through metal plates. The reason for 
this is that most of the particles above 200 MEV./c are not electrons 
but mesons (see 273). 

The reason why mesons are mainly found above 200 MEV./c will be 
given in 277, while the reason why most electrons have momenta 
below 200 MEV./c will become apparent in Chapter VI. The limits are 
quite independent of each other and it is quite accidental that the two 
spectra do not overlap to any appreciable extent. 

(b) Protons 
Fast protons 

267. Protons with momenta exceeding 1,000 MEV./c are fast and 
therefore they give rise to thin tracks similar to those of fast electrons. 
The minimum ionization is found at 4,000 MEV./c. Protons with this 
momentum ionize, however, only half as much as electrons with the 
same momentum. Electrons of this momentum ionize heavily because 
of the logarithmic increase of ionization with energy. 

Most of the cosmic -ray tracks in the region of 2,000 MEV./c show an 
ionization density of the same order as expected near the minimum of 

3595.40 L 
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the ionization curve. The observed ionization density is definitely 
smaller than expected for electrons of such high momenta. This was 
taken as evidence that cosmic rays of high momentum are not electrons 
(Williams, 19346). 

Slow protons 

268. The tracks of protons with momentum less than 500 MEV./c 
can be recognized clearly as they are sufficiently slow to ionize more 
heavily than electrons of the same momenta. 

The observed rate of slow protons is of the order of 02 per cent, of all 
cosmic ray particles at sea-level. Compare Blackett (1937 a), Erode, 
McPherson, and Starr (1936), Anderson and Neddermeyer (1934). 

Estimation of the proton component 

269. To estimate the total number of protons in the cosmic-ray beam 
it is necessary to make assumptions regarding their origin. 

Some of the slow protons are due to fast protons which have been 
slowed down. Since, however, the observed tracks of slow protons are 
distributed in almost random directions it must be assumed that only 
few of them represent the ends of primary proton paths, which would 
be concentrated round the vertical. 

270. We derive an upper limit for the number of primary protons by 
assuming that all the slow protons observed at sea-level represent the 
ends of the ranges of primary protons. 

To obtain such an upper limit it is necessary to know the rate of 
energy loss of protons as a function of the energy. The loss of energy is 
due to a number of processes. * 

1. Ionization. The rate of loss is given in eqs. (168-70), Ch. III. 

2. Radiative collisions. The cross -section for radiative collisions is 
inversely proportional to the square of the rest-mass of the particle and 
therefore (see 206) the contribution of radiative collisions to the rate 
of energy loss is negligibly small. 

3. According to the meson theory fast protons are expected to emit 
mesons in collisions with atomic nuclei. The rate of loss of energy for 
fast protons is expected to be very large. According to the calculation 
of Heitler and Peng (1944) and Heitler (1945) this loss is at least 100 
times greater than the loss due to ionization. 

The experimental evidence for the loss of energy of fast protons by 
the emission of mesons is indirect. Therefore we estimate the upper 
limit for the number of primary protons first under the assumption that 



270] IONIZING COSMIC-RAY PARTICLES 147 

no energy is lost due to meson production; we shall show how the 
conclusions regarding the numbers of protons have to be modified if 
meson production is introduced into the argument. 

271. Denote the range of a proton of momentum p by 3$(p). The 
protons in the momentum interval p,p-\-dp then have ranges between 
St and St +d&, with 



* 

and therefore the number of protons in the interval p,dp at sea-level is 



where Q(p, 6) is the differential spectrum at sea-level. is taken to be 
the mass equivalent of the atmosphere. Both 6 and & are assumed to 
be in grams per cm, 2 The particles arriving with a remaining range ^ 
at sea-level must have started on the top of the atmosphere with a range 



where p' is the momentum of the particle when incident on the top of 
the atmosphere. 

Differentiating (7) we find, with the help of (5) and (6), 



Using the approximate expression (169, Ch. Ill) with m = M P we find 

I (p > M P c), 

(9) 

*-l"\' ><*,.). 



with J3/ ~ const. 

We see from (8) and (9) that owing to the decrease of d&jdp with 
momentum the spectrum appears decreased in intensity in the region 
of small momentum. Because of this effect slow particles are relatively 
rare. The actual ratio between slow and fast particles depends some- 
what on the incident spectrum. To estimate this ratio we assume the 
incident spectrum to be given by (see e.g. 310) 



<5(p,0) = A/?*, (10) 

where z is a constant between 1 and 2. Write p Q for the momentum 
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required to penetrate the atmosphere. The total number of particles 
Z(6) reaching sea-level is then according to (10) 



- / S(P, o) dp = 2s <3(3o. 0). 



p Q is of the order of 2,000 MEV./c if only ionization loss is taken into 
account. 

From (8) and (9) we find 

' (12) 



where p' is the initial momentum required for a particle to arrive with 
a momentum p near sea-level. Considering a narrow range only, we 
may put approximately 

P' ~ Re- 
integrating over (12) we find 

? /If r I n \ 4 

SM = J 

and therefore 



Particles with momentum p < M P c/2 will give rise to dense tracks and 
therefore the relative number of dense tracks is estimated as 



The latter value is obtained for z+1 = 2-5 and p ~ 21f p c. 

According to 268 at sea-level only two tracks due to slow protons 
are found per 1,000 incident particles. Therefore according to (14) not 
more than 10 per cent, of the fast particles can be assumed to be 
protons. 

272. Fast protons lose energy by meson production at a rate at least 
100 times larger than by ionization and we obtain with the help of (8) 
an upper limit the value of which is 100 times smaller, i.e. 

10 per cent./lOO = 0-1 per cent. 

Further, according to the meson theory, protons change into neutrons 
when emitting a positive meson and neutrons change back into protons 
when emitting a negative meson. Therefore at sea-level about half of 
the original protons have become neutrons and thus the actual upper 
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limit for the number of fast protons is only half of the value given 
above. 

Remembering further that the upper limit is certainly too high, as 
many of the slow protons observed cannot be primary protons at the 
end of their range, the number of fast protons is probably only of the 
order of a few per 10,000 particles. This estimation is in good agreement 
with conclusions based upon the observation of penetrating showers 
(see Ch. IX). 

(c) Mesons 

273. Most of the cosmic-ray particles with momenta exceeding 
200 MEV./c are too penetrating to be electrons and most of the pene- 
trating particles between 200 and 600 MEV./c ionize too little for protons. 
It was further shown in the previous paragraph that only a small frac- 
tion of the particles with momenta exceeding 600 MEV./c can be 
assumed to consist of protons. It is seen therefore that most of the 
particles with moments exceeding 200 MEV./c are neither protons nor 
electrons. 

These particles must have a mass larger than electrons or they could 
not be penetrating. On the other hand the particles must have smaller 
masses than protons or otherwise they would give rise to thick tracks 
in the region between 200 and 600 MEV./c. It is therefore plausible to 
assume that most of the penetrating particles observed are mesons. 

Mass of mesons 

274. An upper limit for the meson mass can be obtained from the 
observation of thin tracks of penetrating particles with momenta less 
than 600 MEV./c. The actual mass of a meson can be deduced only 
from its track when slow. 

The first track which must clearly be attributed to a particle of mass 
intermediate between electron and proton was obtained by Neddermeyer 
and Anderson (1938). The photograph is reproduced in Plate 2 (d). 

The rest-mass of a meson can be determined if any two of the three 
quantities w k , p, v are known. 

The rest -mass is given by the following equations in terms of these 

quantities 

p _ p 2 -wl/c* _ w k 

^~^E" 2w k - (-l)c 2 ' ( J 

Alternatively, the mass of a meson can be determined from eq. (35), 
Ch. Ill, when it is giving rise to an electron secondary. The mass is 



150 COSMIC RAYS AT SEA-LEVEL AND UNDER GROUND [Chap. TV 

expressed as a function of the momenta of electron and meson after the 
collision and the angle between the scattered meson and the recoiling 
electron. 

The momentum of the meson can be determined from curvature of 
its track in a magnetic field. 

The kinetic energy W k or the velocity v can only be determined with 
sufficient accuracy from the track of a slow particle. 

If the track of the slow particle happens to end in the gas of the 
chamber, then the energy of the particle can be determined directly 
from the total ionization. If the ionization is too dense for the ions to 
be counted, the energy can be determined from the theoretical energy 
range relation (see Fig. 30, 239). Similar methods can be applied to 
tracks in photographic emulsions. 

275. The experimental value of the mass of the /x-meson must be based 
at present on the combination of isolated results by various observers 
using different techniques. It is therefore difficult to assess the relative 
weights to be assigned to the available determinations and we here only 
indicate the broad status of the methods which have been used. 

We distinguish two main types of determination. Direct methods may 
be based either on the classical experiments used for electrons, in which 
magnetic and electrostatic deflexions are compared, or on close collisions 
with electrons, the collision being assumed elastic. The first method 
involves severe experimental difficulties and has not yet been applied 
(compare Gorodetzky (1942, 3)). The second, used by Leprince-Ringuet 
and Gorodetzky (1941) and by Hughes (1941), must rank as the method 
with the soundest theoretical basis. However, because of the scarcity 
of particles in the appropriate range of energy, the method depends on 
the occurrence of a rare event and extensive results are hardly to be 
expected. 

Indirect methods are based on the relation between momentum, 
rate of ionization, and energy loss in the region where the velocity is 
appreciably less than c. These methods are based on principles which, 
while less fundamental than those described above, are used under 
conditions which we have strong reasons to regard as reliable. 

276. The relative reliability of individual determinations is affected 
in all cases by the spurious curvature of cloud tracks due to Coulomb 
scattering which has been discussed by Williams (1940 a). We have 
considered this error elsewhere ( 136, Ch. II). We emphasize that 
Williams's figures refer to the average spurious scattering and that the 
probability of a spurious curvature several times as great is appreciable. 
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This effect in particular increases the uncertainty of determinations 
based on momentum measured in low magnetic fields and when v <^ c. 
Notably, methods using the last few centimetres of tracks stopping in 
the gas of a cloud chamber are strongly affected by scattering. 

In Table 3 we have tabulated some results; it must be noted that 
uncertainty of measurement does not lead to a symmetrical distribution 
of the errors. The scatter in general is much more tolerant of an increase 
of mass than of a decrease. 

TABLE 3 
Mass of the meson 



Method 


Observer 


Mass in units of m e 


Elastic collision 


Leprince-Ringuet and Goro- 
detzky (1941) 
Hughes (1941) 


24020 
18025 


Momentum loss in plates 


Nishina and others (1939) 
Wilson, J. G. (1939) 
Fretter, W. B. (1946) 
(26 values) 


18020 
17020 
20210 


Momentum and ionization 


Williams, E. J., and Pickup 
(1938) 
Nielsen and Powell (1943) 
(4 values) 


16030 
180U 



Fretter (1946) measured the masses of 26 mesons by means of a double 
cloud-chamber arrangement. The magnetic curvature was measured in 
the upper chamber while the range was measured to the nearest | inch 
of leacf in a lower chamber containing eight plates. 

While we write this, many mass determinations of both /x- and 
77-mesons are in progress. Results of mass determinations on artificially 
produced mesons are awaited with interest. 

Rate of slow mesons 

277. Assuming that all the slow mesons observed are due to fast 
mesons which have come to the end of their range we can apply the 
considerations of 271 to estimate the ratio of fast and slow mesons. 

We assume that mesons are slowed down mainly by ionization. We 
obtain from (13) when replacing the proton mass M P by the meson mass 
IJL for the fraction of mesons with momentum less than /xc/2 ~ 50 MEV./c 



(16) 
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This estimation gives, however, too high a value for two reasons: (1) a 
considerable number of the mesons will decay, (2) there is evidence that 
some of the mesons are captured by nuclei. Taking these two effects 
into consideration we estimate the fraction of slow mesons to be of the 
order of 1/2000. Though no exact statistics are available, this ratio 
seems to be compatible with the rate of slow mesons observed on cloud- 
chamber photographs. 

It is interesting to note the absolute rate at which slow mesons cross 
a cloud chamber of usual dimensions. Consider a chamber of 30 cm. 
diameter and a few centimetres depth. The rate at which particles cross 
this chamber is of the order 1,000 per hour and therefore a slow meson 
will traverse the chamber about once per two hours. Photographs 
of slow mesons can thus be obtained with a triggering arrangement 
setting off the chamber whenever a slow meson is crossing its sensitive 
volume. We shall come back to this question in Ch. V, 337. 
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3. Experimental Test of Momentum lonization Relation 

278. Many of the arguments brought forward in the previous section 
are based on the theoretical relation between ionization density and 
momentum. 
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FIG. 36. Rate of ionization as function of momentum (R. L. Sen Gupta) 
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The density of ionization of cosmic -ray tracks has been measured by 
varoius observers. 

The numbers of secondaries with sufficient energy to ionize them- 
selves can be found by counting the small blobs along the tracks of 
cosmic rays. The blobs are caused by secondaries of short range. 

The actual number of ions per cm. of track can be counted by using 
delayed expansions permitting the ions to diffuse before the drops are 
formed. 

Using this technique Corson and Erode (1938) and Sen Gupta 
(1940, 3) have measured the ionization density as a function of 
momentum. It is found that the cosmic-ray tracks can be sepa- 
rated into three groups corresponding to electrons, mesons, and pro- 
tons. The momentum ionization curves are in good agreement with 
the theory, both for small velocities and above the minimum of ioniza- 
tion. In Fig. 36 we have reproduced the results of Sen Gupta. The 
logarithmic increase of the rate of ionization with momentum can be 
seen clearly. 

B. NON-IONIZING COMPONENTS 
1. Experiment of Bothe and Kolhorster 

279. Most cosmic rays near sea-level are ionizing particles. These 
particles constitute the main cosmic-ray beam and they are not the 
secondaries of a more penetrating non-ionizing radiation as was supposed 
for a long time after the discovery of cosmic rays. 

It was shown by Bothe and Kolhorster (1929) that two GM-counters 
placed olose above one another show coincident discharges too fre- 
quently to be accidental. These coincidences were attributed to single 
rays passing through both counters. From the geometry of the arrange- 
ment it was shown that rays passing through both counters have a high 
probability of discharging both. Thus it was found that the efficiency 
of counters is high for counting of cosmic-ray particles; the efficiency 
of counters for recording non-ionizing rays must be small. Therefore 
the cosmic-ray particles must be ionizing. 

280. Coincidences between two GM-counters show only that cosmic- 
ray particles have sufficient energy to penetrate the walls of the counters. 
These particles could still be secondaries of energetic non -ionizing rays. 
Skobelzyn (1927, 9) observed fast ionizing particles and assumed tenta- 
tively that these particles were the Compton electrons due to energetic 
y-rays. 
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In order to show that the ionizing particles have long ranges for them- 
selves coincidence experiments were carried out with counters separated 
by thick absorbers. The coincidences thus obtained must be due to 
particles of long range. 

281. Bothe and KolhGrster (1929) observed coincidences between two 
counters separated by 8 cm. of gold. More elaborate experiments were 
carried out by Rossi (1933), Street, Woodward, and Stevenson (1935), 
and others. Rossi found that about half of the particles which are 
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FIG. 37. Absorption curve of cosmic rays in load at sea-level. 
Clay arid Van Gomort (1939). 

capable of penetrating 10 cm. of lead are also capable of penetrating 
1m. of lead; Fig. 37 shows results of Clay and Van Gemert. One 
metre of lead has a mass equivalent exceeding that of the whole atmo- 
sphere. Thus it is seen that about 40 per cent, of the cosmic -ray par- 
ticles near sea-level have remanent ranges sufficient to penetrate the 
whole of the atmosphere. This result strongly suggests that the observed 
particles themselves constitute the penetrating part of cosmic rays and 
are not the secondaries of more penetrating rays. 

282. In the experiments of Street, Woodward, and Stevenson (1935) 
particular care was taken to show that the particles penetrating the lead 
absorber were single particles travelling in a vertical direction. The 
counter arrangement is shown in Fig. 38. Fourfold coincidences 1, 2, 
3, 4 were observed. The absorber was distributed equally into the three 
gaps between the counters. A non -ionizing ray only gives rise to such 
a coincidence by producing four ionizing secondaries in the correct 
places and the chance of this happening must be assumed to be negli- 
gible. Thus the coincidences must have been due to single ionizing 
particles. 



J282] 



NON-IONIZING COMPONENTS 



155 



Further, six counters in anticoincidence were placed near to the 
coincidence counters. These counters were not in line with the coinci- 
dence counters and could not be discharged by a single particle passing 
through the coincidence counters 1 to 4. Therefore the six anticoinci- 
dence counters did not affect coincidences 1, 2, 3, 4 due to single particles. 
The anticoincidence counters would, however, cut out coincidences due 
to showers coming from the side. 
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FIG. 38. Arrangement of Woodward and Street. 



283. The existence of particles at sea-level with remaining ranges 
much greater than the thickness of the atmosphere are also shown by 
the measurement of the momentum of particles in the cloud chamber. 
It was found that about half of the penetrating particles observed in a 
cloud chamber had momenta exceeding 2,000 MEV./c. If the energy loss 
of the penetrating particles was assumed to be mainly determined by 
ionization then the initial momentum for a penetrating particle for 
traversing the atmosphere was about 2,000 MEV./c. The comparison 
between momentum spectrum and absorption curves will be discussed 
in more detail in 311. 



2. Search for Non-Ionizing Components 

284. The observations described so far show that a considerable part 
of cosmic rays consists of ionizing particles. 
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The ionizing particles are, however, accompanied by some non- 
ionizing rays. 

Direct evidence for photons was obtained by Anderson, who obtained 
photographs of electron pairs initiated in the gas of the chamber (see 
Plate 3 (a)). 

Showers initiated by non-ionizing particles were also observed. An 
interesting example is a shower containing many particles emerging 
from the bottom of a lead plate with no particle entering the top of the 
plate (Stevenson and Street). 



(a) Coincidence Experiments 
Secondaries of non-ionizing particles 

285. More detailed investigations of non-ionizing rays have been 
carried out using counter methods. 



Counter 




Wood 



FIG. 39. Rossi's arrangement. 



The following experiment was carried out by Rossi (193 la) in an 
attempt to find non -ionizing primaries. 

An absorber 30 cm. thick (Fig. 39) was placed alternatively above 
and between the counters of a coincidence arrangement. Non -ionizing 
primaries giving rise to ionizing secondaries in the absorber might con- 
tribute to the coincidence rate when the absorber is above the counter 
arrangement, while no contribution due to such secondaries could be 
expected with the absorber between the counters. Non-ionizing prima- 
ries should therefore produce an increase of the coincidence rate when 
the absorber is moved from between the counters to above the counters. 

In the actual experiment a small increase of this kind was observed. 
This increase was, however, not attributed by Rossi to non-ionizing 
secondaries. A small change of the counting rate is to be expected in 
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any case due to scattering in the absorber and to showers. Experiments 
to be described later show that the increase found by Rossi was indeed 
due to such effects. 

286. Experiments of the type carried out by Rossi were later repeated 
by other observers. Some of the large positive effects found in the later 
experiments (e.g. Maass (1936)) are certainly due to scattering and 
showers. 

Better designed experiments of this type were carried out by Schein, 
Wollan, and Groetzinger (1940) in the stratosphere, showing that at 
high altitudes a considerable number of ionizing rays are produced 
by non-ionizing secondaries. As the effects reported by these authors 
are of the order of 100 per cent, they must be attributed to non-ionizing 
primaries rather than to showers or scattering. These experiments will 
be discussed in greater detail in Chapter IX. 

Showers produced by non-ionizing particles 

287. The question was also discussed whether showers are produced 
by ionizing or non -ionizing agents. The arrangements used were mostly 



Non ionizing primary 




Shower 




Pos'bon(l) Position (2) 

FIG. 40. Production of showers. 

of the type shown in Fig. 40. The lower set of counters can only be 
discharged by showers. The absorber s was placed alternatively above 
and below the top counter 1. Showers produced in s by non-ionizing 
radiation can only discharge all counters 1 to 3 if the absorber s is 
above the top counter. If s is placed below the counter 1 then fourfold 
coincidences can only be expected due to showers coming from the air 
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or else from showers produced by an ionizing particle in s; in the latter 
case the counter 1 is discharged by the particle giving rise to the shower. 
This experiment has been carried out by various observers using slightly 
different arrangements. The results were quite contradictory. The 
reason for this ambiguity is that by moving the absorber s the whole 
geometry of the arrangement is affected; some showers emerging from s 
may discharge the counters when s is in one position but not if s is in the 
other position. Thus the actual interpretation of the coincidence rates 
as obtained with an arrangement as shown in Fig. 40 is rather compli- 
cated and the results do not permit conclusions as to the nature of the 
primary radiation. 

(6) The Anticoincidence Method 

288. The main difficulty of the coincidence experiments described in 
the previous section arises from the circumstance that the counting rates 
for an absorber s in two different positions have to be 
compared. It is clear that the arrangements shown in 
Fig. 39 and Fig. 40 are both more sensitive to non- 
ionizing rays when the absorber s is in the higher posi- 
tion; but it is difficult to assess how much the background 
rate is affected by moving the absorber s. Therefore one 
cannot decide how much an observed change of the 
counting rate is due to non -ionizing primaries and how 
much it is due to the changing background. The 
following arrangement due to Rossi is free from this 
ambiguity. 








Genuine and spurious anticoincidences 

289. The arrangement is an anticoincidence set as 
shown schematically in Fig. 41. Coincidences between 
the counters 1, 2, and 3 not accompanied by the dis- 
charge of &ny of the counters A are recorded. An absorber 
between the top counter of the coincidence 





FIG. 41. 

Anticoincidence arrangement and the anticoincidence counters. The 
arrangement, anticoincidence counters must cover rather more than 
the solid angle subtended by the coincidence arrangement. 

Anticoincidences recorded with such an arrangement are in the main 
due to the following processes: 

1. Anticoincidences will be caused by non -ionizing rays falling on $ 1 
and giving rise to ionizing secondaries which discharge the counters 1, 
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2, and 3. In the following discussion we shall be interested mainly in 
anticoincidences due to this process and therefore we shall call them 
genuine anticoincidences. Anticoincidences caused by other processes 
given below will be called spurious ones. 

2. Spurious anticoincidences will result if a particle coming from 
above crosses all counters but happens not to discharge the anticoinci- 
dence counters because of inefficiency. This type of spurious anti- 
coincidence can be much reduced by using double or multiple layers of 
anticoincidence counters. 

3. Particles coming from the side may be scattered in s and thus 
discharge the coincidence counters without passing through the anti- 
coincidence. Alternatively a shower coming from the side may discharge 
the coincidence counters but not the anticoincidence counters. Spurious 
anticoincidences of these types can be avoided by covering the coinci- 
dence system with anticoincidence counters from all sides except from 
below. (No anticoincidence counters should be placed below as such 
counters would cut out genuine anticoincidences as well.) 

4. Particles coming from below which are absorbed in s give rise 
also to spurious anticoincidences. This effect seems to be negligible in 
practice. 

Test for genuine anticoincidences 

290. In order to detect non -ionizing rays with an arrangement of the 
type shown in Fig. 41 one has to investigate what fraction of the anti- 
coincidences is genuine in the sense explained above. This can be done 
by placing absorbers S above the anticoincidence counters. The ab- 
sorber absorbs non-ionizing rays and therefore is expected to reduce 
the rate of genuine anticoincidences. At the same time S has only little 
effect on the rate of spurious anticoincidences. It is seen that only the 
type (2) ( 289) of spurious anticoincidences can be affected by absor- 
bers above the anticoincidence counters. The rate of spurious anticoinci- 
dences of type (2) is a constant fraction of the coincidences 1, 2, 3, and 
therefore the spurious anticoincidence rate cannot be expected to 
decrease more rapidly due to the absorber than the rate of threefold 
coincidences 1, 2, 3. If the observed decrease of the anticoincidence 
rate is noticeably greater than that of the coincidence rate, one must 
then assume that the decrease is due to the decrease of the rate of 
genuine anticoincidences. 

291. The rate of genuine anticoincidences decreases due to the ab- 
sorber S as some of the non-ionizing rays are absorbed when traversing 



160 



COSMIC RAYS AT SEA-LEVEL AND UNDER GROUND [Chap. IV 



S. The term * absorption' is not used in its usual sense. A non -ionizing 
ray appears as absorbed in connexion with anticoincidences when it 
loses its ability to give rise to an anticoincidence. This happens either 
when the ray is stopped in a collision, or when it gives rise to one or 
more ionizing secondaries which accompany the primary non-ionizing 
ray when traversing the anticoincidence counters. 

The rate of genuine anticoincidences plotted against thickness of the 
absorber 2 can be regarded as the absorption curve of the incident non- 
ionizing radiation. This curve does not necessarily represent the true 
absorption curve but represents the relative probability of non-ionizing 
rays traversing various thicknesses of absorber without suffering a 
collision. If the incident radiation is homogeneous and the mean free 
path before a collision in which secondaries are given rise to is m, then the 
fraction of primaries not having suffered a collision in a thickness 6 is 
exp( 0/m) and 

rate of anticoincidences tf A exp(~6/m). (17) 

(i) Photons 

292. Experiments with the arrangement shown in Fig. 42 were 
carried out by Janossy and Rossi (1940). The rate of anticoincidences 




Fio. 42. The experimental arrangement. (Janossy and Rossi, 
Proc. Roy. Soc. A, 175 (1940), 89, Fig. 1.) 

was found to decrease markedly up to a thickness of 5 cm. of lead. 
The rate of genuine anticoincidences as a function of the thickness 
is shown in Fig. 43 in a logarithmic plot (assuming the anticoincidence 
rate with 9 = 5 cm. to be spurious). It is seen that the mean free path 
of the non-ionizing radiation is about 1 cm. of lead. This result is inter- 
preted most easily in terms of energetic photons according to the theory 
of Bethe and Heitler (see dotted lines). 
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The production of showers by photons was studied by similar arrange- 
ments. Experiments of this kind were carried out by Janossy and Rossi 
(1940), by Nereson (1942), by Trumpy (1943), and by Clay and Levert 
(1946). The results of Trumpy are shown in Fig. 44. 
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FIG. 43. The absorption curve of cosmic-ray photons. 
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(Janossy and Rossi, op. cit., p. 97, Fig. 3.) 
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FIG. 44. Photon-initiated showers observed (Trumpy), calculated (Arloy). 
(N. Arley, Stochastic Processes, p. 189.) 

It can be concluded that the cosmic radiation near sea -level contains 
a photon component; the intensity of this component is estimated to 
exceed 10 per cent, near sea-level. Further it can be concluded that the 
Bethe-Heitler theory agrees with experiment, at any rate for energies of 
the order of 1C 8 eV. (We shall see later that there is indirect evidence 
for the validity of this theory up to very high energies.) 
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293. Rossi and his co-workers (Rossi, Janossy, Rochester, and Bound 
(1940)) have also shown that the rate of genuine anticoincidences 
decreases very much if absorbers amounting to 10 cm. of lead are 
placed between the coincidence counters. This experimental result 
further supports the interpretation of the experiments described in 
292 in terms of photons producing electron pairs. The range in lead 
of the electrons produced by the photons is expected to be small and 
only electrons exceeding 10 10 eV. have an appreciable chance of pene- 
trating an absorber of 10 cm. of lead. Thus the 10 cm. of lead placed 
between the coincidence counters prevents the electrons produced by 
the photons from discharging the lowest counter of the coincidence 
arrangement and therefore the rate of genuine anticoincidences is 
strongly reduced by 10 cm. Pb absorber. 

It can be concluded that photons produce only rarely, if at all, mesons. 

294. Incidentally it was found that the rate of coincidences 1, 2, 3 
obtained with the arrangement Fig. 41 is larger when the absorber s is 
in the position s l above the counter 1 than the rate obtained when the 
absorber s is put below the counter 1 in position s 2 . This effect might 
have been interpreted as being due to ionizing secondaries produced 
in s by non -ionizing radiation (compare 286). Such an interpretation 
is, however, incorrect as the anticoincidence rate 1, 2, 3, ~~A was found 
to be almost unaffected by the position of s. The difference in the 
coincidence rates arising from the change of position of s is therefore 
not connected with non-ionizing primaries. 

(ii) Penetrating non-ionizing rays 

295. In a search for non -ionizing rays with a mean free path exceed- 
ing that of photons Rossi and Regener (1940) have carried out anti- 
coincidence experiments at Mt. Evans (4,300 m. above sea-level). An 
arrangement somewhat similar to that shown in Fig. 42 was used and 
it was found that the rate of anticoincidences decreased noticeably 
when an absorber 2 above the anticoincidence counters was increased 
from 2-5 to 10 cm. of lead. This effect shows clearly the occurrence of 
non-ionizing rays with a mean free path exceeding that of photons. 
The absorber s l consisted of 5 cm. of lead while an absorber S 10 cm. 
thick was also placed between the counters. It is seen therefore that 
the ionizing secondaries produced by the penetrating non -ionizing rays 
are themselves more penetrating than electrons. 

The effect has probably to be interpreted in terms of mesons pro- 
duced by neutrons. 
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296. Penetrating non-ionizing rays were also found by Janossy and 
Rochester (1943 a) near sea-level. The experimental arrangement is 
based on the same principles as those described above. The intensity 
of the penetrating non-ionizing rays at sea-level was found, however, 
to be very small and therefore extreme precautions had to be taken in 
order to reduce the background of spurious anticoincidences to less than 




FIG. 45. Experimental layout of Janossy and Rochester (1942) (seen from below). 
(Janossy and Rochester, Proc. Roy. Soc. A, 181, 401, Fig. 3.) 

the rate of genuine anticoincidences. The coincidence arrangement was 
therefore surrounded by an anticoincidence set consisting of 76 counters 
in parallel and the rate of spurious anticoincidences could be reduced 
to less than one per 3,000 coincidences. 

Evidence was obtained with this arrangement (Fig. 45) for a weak non- 
ionizing component with a mean free path of about 10 cm. of lead. The 
intensity of the component was estimated to be one non-ionizing ray per 
700 ionizing particles. It is likely that the non-ionizing rays observed at 
sea-level and at Mt. Evans are parts of the same component of cosmic rays. 

Other Non- Ionizing Rays 

(a) Slow Neutrons 

297. We shall give in Chapter IX arguments to the effect that the 
penetrating non-ionizing radiation described in the previous section 
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consists of fast neutrons. This interpretation is supported by the fact 
that the occurrence of slow neutrons in the cosmic-ray beam can be 
shown directly. 

298. Slow cosmic-ray neutrons have been investigated by means of 
boron counters (Funfer (1938), Montgomery (1930), Tongiorgi (1949)). 

The experimental results are collected in Fig. 46. It is seen that the 
neutron intensity increases very strongly with height. 






10 
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FIG. 46. Height and intensity distribution of cosmic-ray neutrons (Funfer). 
I. Neutrons. IT. Shower intensity. III. Cosmic-ray intensity. 

A summary of the experimental results for slow cosmic-ray neutrons 
has been given by Bethe, Korff, and Placek (1940). In this paper a 
detailed discussion of the experiments and their interpretations can also 
be found. According to Bethe the absorption of these neutrons is due 
mainly to elastic scattering and therefore the intensity distribution in 
the atmosphere is given by a diffusion equation. The actual distribution 
is approximated by a Gaussian with its maximum near the height with 
7 cm. Hg pressure. No experiments have been carried out at sufficient 
height to confirm the decrease of intensity predicted by Bethe. 

(6) Neutrinos 

299. There are good reasons to believe that a large number of 
neutrinos are produced by cosmic rays (compare 222). No direct 
experimental evidence for the existence of a neutrino component is 
available. The difficulties in establishing a neutrino component are not 
purely experimental. As no clear theoretical predictions have been made 
as to what processes would be initiated by neutrinos it is impossible 
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at the moment to know for certain what are the best experiments to 
carry out to prove their existence. 

(c) Neutrettos 

300. As was seen in Chapter III there are theoretical grounds for 
assuming the existence of neutral mesons or neutrettos. Various pro- 
perties of the neutretto can be predicted. One finds, for example, a 
finite cross -section for the transformation of a neutretto into a charged 
meson and for the reverse process (Heitler and Peng (1944)). Such 
processes, if they occur, could be detected. No extensive search for 
neutrettos has been carried out. Preliminary experiments of Lovell 
(1939) failed to detect such a particle. 

301. The theory of M011er and Rosenfeld (1940) predicts also the 
occurrence of charged and neutral vector mesons. These mesons are 
expected to have a mass comparable with that of the other mesons but 
they should have a j3-decay period of the order of 10~ 8 sec. only. 

No experimental evidence either for or against the occurrence of 
such mesons has been brought forward. 

C. COSMIC RAYS UNDER GROUND 
1. Absorption Function 

302. The cosmic-ray intensity was measured under ground in mines 
and under water both with ionization chambers and with coincidence 
counters. 

The counter measurements have a great advantage over ionization - 
chamber measurements. The zero current in an ionization chamber 
cannot be determined accurately and therefore only the difference of 
the intensities at various depths can be established with an ionization 
chamber. 

The zero effect of a coincidence arrangement is due to accidental 
coincidences and it is always possible to reduce the rate of accidental 
coincidences to a small fraction of the observed effect. 

With an ionization chamber the intensity integrated over all directions 
of incidence is measured. On the other hand with a counter arrangement 
the intensity can be measured in the vertical direction. The absorption 
curves obtained with a counter arrangement and with an ionization 
chamber cannot in general be compared directly. 

The two absorption curves can, however, be transformed into each 
other by using the Cross transformation described in 252. 
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303. The depth ionization curve was investigated by a large number 
of observers. It was found that the ionization still decreases under 500 m. 
water equivalent. Most elaborate measurements were carried out by 
Regener and his collaborators. An ionization chamber together with a 
complete photographic recording arrangement was enclosed in a water- 
tight tank and submerged to various depths down to 230 m. in Lake 
Constance. 

In the course of these measurements it was discovered that dry 
batteries were radioactive and that therefore the batteries used in the 
recorder disturbed the measurements. After having eliminated this 
difficulty a very satisfactory depth-ionization curve was obtained 
(compare Weischedel (1936)). 

304. Coincidence experiments under ground were carried out by a 
large number of observers. Ehmert (1937) submerged a full automatic 
coincidence arrangement down to 240 m. in Lake Constance. Clay 
and Van Gemert measured the coincidence rate with an apparatus 
which they submerged to 440 m. under the North Sea. Observations 
were carried out in mines. Clay and Gemert (1939) measured down to 
1,380 m. water equivalent, V. C. Wilson (1937, 8) down to 1,420 m. 
Myazaki (1949) has measured the intensity under 3,000 m. water 
equivalent. The absorption curves can all be represented by a power 
law, the exponent increasing with depth. Some of the results are 
summarized in the following: 

Absorption function according to Ehmert: 

Exponent 

13<0<43 1-56 
45 < B < 243 1-78 
According to V. C. Wilson (1938a,6): 

20<0<250 -1-77 
250 < 6 < 1,420 2-52 
According to Clay and Gemert (1939): 

60 < 6 < 300 1-93 
300 < < 1,380 -2-95 

The agreement between Ehmert and Wilson is very good. The single 
point given by Barn6thy and Forro (1937) at about 1,000 m. agrees also 
with Wilson's results. The absorption found by Clay and Gemert seems 
to be slightly greater than that found by the other observers. The 
latter results have greater statistical weight than the former. 
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Clay and Gemert carried out their measurements under water down 
to 450 m., and subsequently under rock with the same apparatus; this 
led to direct comparison of absorption in water and rock. 

5 'Log,,,!. ' 




FIG. 47. Comparisons of decrease of cosmic -ray intensity in rock by various 

observers : Clay and Gemert, x Wilson, K Kolhorster, B Barnothy and 

Forr6. (Clay and Gemert, Physica, 6, 509, Fig. 7.) 

2. Nature of Rays Under Ground 

(a) Cloud-chamber Evidence 

305. There is good reason to believe that cosmic rays under ground 
have much the same composition as cosmic rays at sea-level. 

Cloud-chamber photographs of particles under ground were taken 
by Brsftldick and Hensby (1939), by Wilson and Hughes (1943), and 
by Hazen (19446) at 30 m. of water equivalent. The tracks obtained 
under ground have the same appearance as those obtained at sea-level. 

(b) Coincidence Experiments 

306. Various authors, however, suggested that the radiation under 
ground differs essentially in composition from the radiation near sea -level. 

1. It was suggested that the radiation under ground consists of 
relatively soft particles produced by more penetrating primaries. 

2. It was also suggested that the radiation at depths greater than 
300 m. water equivalent consists mainly of showers. 

We describe in what follows experiments which disprove the above 
assumptions. 
Absorbers of lead were placed between the counters of a vertical 



168 



COSMIC RAYS AT SEA-LEVEL AND UNDER GROUND [Chap. IV 



coincidence arrangement, and thus the absorption of the rays in lead 
was measured (V. C. Wilson (1939), Clay and Gemert (1939)); call this 
absorption curve, curve B. 

The absorption curve can also be determined by measuring the 
cosmic -ray intensity at successive depths. The absorption curve ob- 
tained by this second method may be called curve A. 

The curve B shows a decrease of the order of 10 per cent, for the first 
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FIG. 48. Absorption curve in lead (curve A) ; (i) observed points 
under 71 m. H 2 O equivalent (curve B). (Hughes and Wilson, 1943.) 

7 cm. of lead. This decrease is due to a transition effect. For larger 
thicknesses of lead the curve B shows a very small absorption. The 
absorption in lead as found from curve B corresponds exactly to the 
corresponding part of curve A if mass -proportional absorption is 
assumed (see Fig. 48). 

307. The similarity of curve A and curve B can be understood imme- 
diatelv if it is assumed that the cosmic rays consist of ionizing particles 
only. In this case the two arrangements measure the same effect. 

The curves A and B would be expected to differ if the ionizing par- 
ticles were the secondaries to a more penetrating non-ionizing radiation. 
For in this case the curve B would represent the absorption of the soft 
secondaries, while the curve A would represent the absorption curve 
of the more penetrating primaries. It is clear that the experimental 
evidence does not support such an assumption. 

308. It has also been shown conclusively that the radiation under 
ground consists of single particles and not of showers. 

Thus V. C. Wilson (1939) observed the rate of fivefold coincidences 
with a set of five counters placed in a plane. It was found that the rate 
was essentially the same as the corresponding rates for lower multiplici- 
ties. It is seen therefore that the cosmic rays below ground are still 
sufficiently ionizing to set off counters with a high efficiency. 

It was found further that the rate of fivefold coincidences was reduced 
considerably when the counters were shifted out of line. It must be 
assumed therefore that the coincidences under ground are mainly due 
to single particles and not to showers. 
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The most penetrating particles are, according to theory, the mesons. 
If the cosmic rays at 1,000 m. water equivalent are mesons, it must be 
assumed that they have started with momenta exceeding 2 . 10 5 MEV./c. 
This value is, however, only a lower limit for the primary energies as no 
doubt many of the particles have not come to the ends of their ranges. 

Further, the possibility cannot be excluded that very energetic mesons 
lose energy other than by ionization. If this is the case, initial momenta 
exceeding 2. 10 5 MEV./c have to be assumed. 

D. MOMENTUM SPECTRUM 

1. The Spectrum 

309. The momentum spectrum of cosmic rays has been measured by 
many observers (see 1 5). The most significant data obtained so far have 
been collected by Wilson (1946). The following table is reproduced 
from Wilson's paper. 

TABLE 4 

The meson spectrum above 1,000 MEV./c 



Range 


Author 


BlackeU 
(1937) 


Jones 
(1939) 


Wilson 
(1946) 


Number of tracks with 
momentum < 1,000 

MEV./c 


620 


802 


301 




Number of particles for a total of 1,000 in the range 
1,000-10,000 MEV./c 


1,000-2,000 
2,^00-3,000 
3,000-6,000 
6,000-10,000 


383 
219 

280 
118 


393 
243 

258 
106 


367 
223 

288 
122 


10,000-20,000 
> 20,000 


86 
80 


| (289) { 


102 

82 



TABLE 5 
The meson spectrum below 1,000 MEV./c (Wilson (1946)) 



Range of momenta 

in MEV./c 



500-1,000 
300-500 
200-300 
100-200 
30 (Williams (19396)) 



Number of particles for a total 

of 1,000 in the range 1,000- 

10,000 MEV./c 

238 

76 

35 

18 

2 in a band of about 30 MEV./c 
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500 1,000 1,500 Z,000 2,500 

MEV/ C 
FIG. 49. Differential rnoson spectrum (collected by J. G. Wilson). 
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FIG. 50. Differential momentum spectrum of cosmic rays at 
sea-level according to E. J. Williams (1939). 

In Fig. 49 the meson spectrum has been plotted. 
In Fig. 50 we have reproduced the electron and meson spectra 
according to Williams (19396). 

2. Interpretation of Observed Spectrum 

310. The momentum spectrum as obtained by Blackett (1937 a, b) 
shows an irregularity round 2,000 MEV./c. It was pointed out by 
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Blackett that this irregularity occurs in the region of 2M P c 2 and may 
be connected with some process involving protons. 

(a) Analytic Expressions 

The high-energy part of the spectrum can on the whole be well repre- 
sented by a power function such as 

^-fr+D, (18) 




1 2 

Log e {(p+2,000)/1,000} 

FIG. 51. Differential momentum spectrum (Blaokett, 1936). 

with z ^ > 1 . The spectrum may be regarded to be significant up to say 
1C 10 eV. 

It may be noted that for high momenta the spectrum must tail off 
more rapidly than 1/p 2 as otherwise the total momentum would be 
infinite. 

For our purpose it is more relevant to represent the differential 
spectrum by S(p) ~ (p+^ )^ (19) 

and the integral spectrum by 

2(P) ~ (P+PO)~ Z . (20) 

We have plotted in Fig. 51 Blackett's data in a double logarithmic plot. 
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Assuming p = 2,000 MEV./c; we see that the whole of the spectrum 
can be fitted fairly satisfactorily by (19) with z = 1*6. For later applica- 
tion we work out the following average values: 

00 

J p&(p)dp 

<p> =: _ -- = J?2- 3,500 MEV./c (21) 



and similarly ( - > == - -- = --- T*-FTFT-T (22) 

^o^+l 3,300 MEV./c ' 



(6) Range Momentum Relation 

311. There is a simple connexion between an absorption curve and 
the energy spectrum of the particles. Assume an absorption process in 
which fluctuations are negligible. The range ttf of a particle is a mono- 
tonic function of momentum. We have 

SI = 3?(p). (23) 

Reversing the above equation we obtain 

p = p(&). 

Introducing the last expression into the momentum spectrum we find 
the number of particles with ranges exceeding a given value M. All 
particles with ranges ## p 

tsK ^* \J 

are capable of penetrating to a depth exceeding 9, and thus the intensity 
at a depth is equal to the number of particles with ranges exceeding 0. 
We have therefore 

V(0) - X{ P (8)}< (24) 

where ^ is the absorption function and Z the integral spectrum. 

312. For moderate depths the observed absorption function is given by 



<g(8) = <&(Q) Y) (0 = 1,000 grams per cm. 2 (25) 

W + #o/ (equivalent of atmosphere) ) 

(see 304). Comparing this with the analytic expression (20) obtained 
for the momentum spectrum we find 

~~ P Po 
and therefore 

fln 1 d W m 

\JlifJ Ji lA/ rr /'fi c\ n/rTiTT / o 

~Jh ^ ~ ~jB" == 7T "^ 2 ME V./c cm.- 2 per gram. 

ttC7 C at/ C/n 
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The above rate of loss is in good agreement with the loss expected for 
mesons due to ionization in light elements (Fig. 30 c, p. 129). It can be 
concluded therefore that the meson spectrum together with the absorp- 
tion curve for small depths favour the assumption that mesons are 
mainly absorbed by ionization loss. 

A similar conclusion can be drawn from the comparison of the absorp- 
tion curve in lead and the spectrum. Roughly 50 per cent, of the penetrat- 
ing component is capable of penetrating 1 m. of lead. From the spectrum 
(20) we find that 50 per cent, of the mesons have energies exceeding 
1,100 MEV./c. From the theoretical momentum range relation repro- 
duced in Fig. 306 we find that the range of 1,100 MEV./c mesons is 
73 cm. of lead. 

313. The question whether or not high-energy mesons lose energy by 
processes other than ionization could be decided experimentally by 
measuring the meson spectrum up to momenta of the order of 10 5 
MEV./c. If the energy loss of these fast mesons is mainly due to ioniza- 
tion, then the exponent of the momentum spectrum should show the same 
increase as is observed for the exponent of the absorption function. 

A further point which could be tested experimentally is as follows. 
If the mesons lose energy by ionization only, then the momentum 
spectrum at a depth 9 should be given by 

S(z>) '^ , 

(P) {P+PWY* 9 

with p(0) = 2,000 MEV./c-^ . 

The average meson energy should therefore increase with depth. We 
should expect n , n i 

<p>0 = 2,000 MEV./c r-ti! ? . (25 a) 

UQ Z 1 

Because of the increase of <j?>0 with d, meson tracks obtained in a cloud 
chamber deep under ground should show a markedly higher ionization 
density than the tracks at sea-level. The only relevant experiments of 
this type are due to Hazen (19446), which do not show the expected 
increase in density under 30 m. of water-equivalent. It would also be 
interesting to investigate the relative fraction of 7r-mesons at different 
depths. (See also Hayakawa and Tomonaga (1949).) 

3. Momentum Loss in Absorbing Plates 

314. Direct measurement of the loss of momentum of cosmic-ray 
particles traversing metal plates can be carried out in two ways. Either 
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a single cloud chamber with a metal plate placed in the middle of the 
chamber is used; the momentum loss can be determined from the 
difference of magnetic curvature in the two halves of the chamber. 
Or alternatively the curvature of a particle can be measured in two 
chambers separated by an absorber. 

315. In particular Anderson and Neddermeyer (1937) could show 
that cosmic -ray particles can be divided into two types according to 
their behaviour when crossing metal plates. The two types of particles 
are now known to be electrons and mesons. 

The electrons are predominant in the region below 200 MEV./c; they 
lose large amounts of energy and the energy loss is subject to great 
fluctuations. It was shown by Anderson and Neddermeyer (1937) and 
by Blackett (1938 a) that the distribution of energy loss of electrons is 
in accordance with the theory of radiative collisions. 

316. Precise measurements of the momentum loss of mesons have 
been carried out by Ehrenfest (1938 a, b) using a gold plate 9 cm. thick 
and by J. G. Wilson (1939) using a 2-cm. gold plate. 

The following figures are taken from J. G. Wilson (1939). 

TABLE 6 
Momentum loss of mesons per cm. of lead in MEV./c. 

Momentum range 200-400 400-700 

Observed loss 12-12-0 14-33-6 
Calculated loss for 13-2 14-0 

H = 200m e 

It is clear that the momentum loss of the particles observed in the 
above work can be fully accounted for in terms of ionization. 

317. The accuracy of momentum -loss measurement decreased rapidly 
with increasing momentum, and the experimental results for momenta 
higher than those given in Table 6 must be regarded as tentative. 

Wilson (1939) observed a small number of particles in the momentum 
range of 1,000-2,000 MEV./c which suffered large losses but were not 
electrons; with one exception these particles were of positive sign. 
Wilson considered tentatively the particles entering the plate to be 
protons; judging from ionization density at least some of the outgoing 
particles were mesons. The process may possibly be interpreted in 
terms of protons losing large amounts of energy due to the emission of 
mesons. 

Ehrenfest (1938) did not find any anomaly in the absorption in the 
region round 2,000 MEV./c. Ehrenfest, however, observed under a lead 
screen 16 cm. thick. Because of their large rate of loss protons cannot 
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be expected to be able to traverse such an absorber (compare Ch. IX); 
therefore the results of Ehrenfest and of Wilson do not appear to be 
contradictory. 

4. Scattering 

(a) Multiple Scattering 

318. The scattering of mesons when passing through metal plates has 
been investigated by several workers. The early measurements of 
Blackett and Wilson (1938), in which mesons and electrons were not 
separated, showed that the major effect was due to Coulomb forces. 
The following features were observed: (1) the root mean square of the 
angle of scattering is inversely proportional to the momentum; (2) the 
angles of scattering of one momentum are distributed according to a 
Gaussian. The measurements were extended up to momenta of 2,000 
MEV./c. 

The results of J. G. Wilson (1940) and of Code (1941) are collected 
in the following Table 7. <i5^> is the projected angle of scattering. 
According to eq. (185), 243, the product ^? 2 <t^> is independent of 
momentum. Table 7 gives the theoretical average value of p*J(j9Py for 
various plates; in the last column this value is compared with the 
observed values. 

TABLE 7 



Observer 


Scattering 
plate 


pV<^> 
(theoretical) 


Ratio of observed and 
calculated values 


J. G. Wilson (1940) 




1 cm. Pb 
0-3 cm. Pb 
2 cm. Cu 
2 cm. Au 


0-91 
0-48 
0-73 
1-75 


1-010-06 
1-000-13 
0980-10 
1-060-05 


Code (1941) 


3-8 cm. W 


2-20 


0-98 



The agreement between observed and calculated values is excellent. 
The agreement would not be as good if the observation were compared 
with the scattering calculated for a point nucleus. 

(b) Large-angle Scattering 

319. A few cases of large-angle scattering were found, for which the 
product p& is far too large to be reconciled with the Gaussian distribu- 
tion arising from Coulomb scattering. The more recent observations of 
J. G. Wilson (1940), Code (1941), and Shutt (1942) were directed to 
separating these examples of large-angle scattering from the main 
Coulomb group. 
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The occurrence of large-angle scattering is of great interest as it must 
be attributed almost entirely to short-range interaction. The observed 
cross-section for large-angle scattering can be used as sensitive test for 
the correct formulation of meson theory (see 193 and 231). 

Wilson (1940) and Code (1941) both used the direct method in their 
search for large-angle scattering. They both measured the product p& 
for individual particles and showed the occurrence of deviations from 
a normal Gaussian distribution. 

Shutt (1942), however, avoided the necessity of measuring the 
momentum of individual particles, using the following method. A 
chamber is used containing two plates, one 1 cm. thick, the other 5 cm. 
thick. The distribution of angles of scattering in the two plates is com- 
pared and the occurrence of large-angle scattering is deduced statisti- 
cally. 

320. The results of the above authors are in general agreement as to 
the occurrence of anomalous scattering. It is difficult to estimate the 
actual cross-section of anomalous scattering from the available observa- 
tions, as the fraction of particles subject to such scattering is not known. 

If all mesons were subject to anomalous scattering, as was assumed 
previously, the cross-section per nucleon would have to be ~ 5x 10~ 28 
cm. 2 so as to account for the observed rate of occurrence of the effect. 
However, the actual cross-section must be larger, as only a fraction of 
all particles are scattered anomalously. 

It is interesting to note that most of the particles found to be scat- 
tered anomalously had positive charge (Code). 



V 
THE INSTABILITY OF THE MESON 

A. MATHEMATICAL RELATIONS 

BEFORE discussing the facts connected with the meson decay we give a 
few mathematical relations which are needed for the interpretation of 
the effects connected with meson decay. 

1. Mean Range of Mesons 

(a) Mesons traversing Free Space 

321. Mesons are assumed to decay spontaneously and therefore the 
probability of a meson decaying during any time interval dt is the same, 
and this probability is independent of the previous history of the meson. 

Consider N mesons at the time t = 0. The average number of mesons 
still intact at a time t is denoted by N(t)' t the number of mesons decay- 
ing in the interval t, t-\-dt is 

-dN(t) = N(t)dt// Q . (I) 

Integrating equation (1) we find 

N(t) = Ne-V*. (2) 

From (2) we see that / is the mean life of the meson. 

322. To obtain the mean range of a fast meson one has to distinguish 
clearly between apparent life and proper life. The half -life of a meson 
is equal to / in the rest-system of the meson. Due to relativistic time 
contraction a meson with a velocity v appears to have a half-life 

4 = **B (3) 

(compare 147). The mean range of a meson with a velocity v is therefore 

a*(v) = < = v/ B, (4) 

and with the help of eqs. (4, 5), Ch. Ill, 

#*() = 3? P, * (5) 

where p, and P are rest-mass and momentum of the meson. The range 
^* of a meson increases therefore more rapidly than its velocity. 

The following remark may be useful. In the system of reference 
where the meson is moving, the apparent life of the meson is prolonged 
due to time contraction, and therefore the meson can cover a range ^* 
which could not be covered during the time / . In the rest-system of 

3595*40 XT 
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the meson, however, the time available for the meson is only equal to 
/ , but the range which was found to be equal to ^?* in the system where 
the meson was moving appears contracted by a factor l/B in the rest- 
system, and therefore the meson has to live only for the time the 
contracted range ^*/J5 is moving past. 

(b) Mesons traversing an Absorber 

323. In the following we calculate the mean range of a meson passing 
through an absorber (compare e.g. Euler and Heisenberg (1938)). 

Consider mesons with momentum P entering an absorber. Due to 
absorption the mesons reaching a depth 3 will have a momentum 



Denote the average number of mesons reaching 3 by ^(3). The 
average number decaying in the interval 3, ^3 is obtained with the help 
of (1) and (3): 



Integrating over 3 we find 

I ii r <?.* I 

(7) 
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The following special cases are of importance. 

(i) Mesons traversing a homogeneous absorber 
324. For fast mesons, i.e. for P ;> ^c, we may assume 

dP/d$ = const. = no/a, say, (8) 

and therefore P(s) = P 1 (P -P 1 ), (9) 

where P is the momentum of the incident mesons and P l is the momen- 
tum of the mesons which have reached a depth 3 fa. Introducing (8) 
into (7) we find 

(10) 



(ii) Mesons nearing the end of their range 

325. We may use the approximate range momentum relation (169, 
Ch. Ill); we find with help of (8) 

@(p)~l(PllM)*-a, (11) 

and with help of (7) we find 
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The fraction of mesons with initial momentum p,c which decay only after 
being brought to rest is therefore 

^(P = 0)/^(P = M c) = exp(-- 3 -^-). (13) 

In the case of air at N.T.P. we have approximately 

^- == 2-5 X 10~ 3 MEV./cm., a = 4x 10 4 cm.; 
3 

further c/ = 6-3 X 10 4 cm. (see 345), 

and therefore * J^(P = 0)/^(P = /AC) = 0-81. (14) 

Thus most slow mesons moving in air at N.T.P. will be brought to rest 
before decaying. The numerical values of course represent only the 
correct orders of magnitude. Using the correct momentum range rela- 
tion given in Fig. 30, ^(3) can be evaluated by numerical integration. 
The result of this integration carried out for air at N.T.P. is shown in 
Fig. 52. For convenience both ordinary and logarithmic plots are 
shown. 

(iii) Mesons traversing the free atmosphere 

326. The change in air density with height has to be taken into 
account. For simplicity we assume the density distribution to be 
exponential. Thus we assume 

0(3) = V- 8/ii , 



where 3 is the height of the homogeneous atmosphere. #(3) is the absorp- 
tion equivalent of the atmosphere at the height 3. is the absorption 
equivalent of the whole atmosphere. 

Fast mesons arriving at sea-level with a momentum P 1 must be 
supposed to have had a momentum 

P(3) = P 1 +/^^(l-e- 8/8i ) (16) 

a 

at the height 3. Denoting the loss of momentum throughout the whole 
of the atmosphere by 

PA = ^> (I?) 

we find from (7), (16), and (17) 
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Fro. 52 or. Decay probability of mesons traversing the atmosphere. 
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Fio. 52 b. Decay probability of mesons near end of range. 
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327. As the mesons are unstable they must be assumed to be the 
secondaries of stable primary particles. Assume that the mean range 
of the primaries before giving rise to mesons is O p . According to (15) 
the mean height of production of the mesons can be taken to be 



Introducing this into (18) we find 



(19) 



(20) 



The above equation gives the fraction of mesons which but for the decay 
would have reached sea -level with a momentum P v 

Equation (20) has been derived on the assumption that all vertical 
mesons are produced at the same height 3 P . This assumption is not 
strictly correct; it must be assumed that the mesons are produced by 
their primaries over an extended range. 

Some numerical values of the decay probability as given in (20) are 
collected in the following table (see also Fig. 52). 

TABLE 1 
Decay probabilities according to (20) with P A = 2,000 MEV./c, 

e /e p = 10 

- TT = 0-66. 



P! MEV./c = 


200 
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0-013 


0-007 
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The probability of decay of mesons arriving with small velocities can 
be obtained in two steps. One can work out first the probability of decay 
of the meson down to a level where its momentum is of the order of pc. 
For the rest of its range the variation of the air density can be neglected 
and the probability of decay can be worked out using the graph Fig. 52 
or with the approximate expression (12). 

(iv) Mesons traversing the atmosphere in inclined directions 

328. At any given point in the atmosphere the probability of decay 
of mesons incident at an angle & to the vertical is greater than for those 
incident in the vertical direction owing to the larger path travelled 
if both are taken to have started at the same height 3. The decay 
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probabilities for mesons moving in inclined directions can be found from 
(18) by replacing 3 , P A , and by: 

3o = 3o/eos#, P' A - P./COSI?, 8' Q - /cos#. (21) 

One must be careful in evaluating the height $p where the mesons 
which are inclined at an angle # are produced. Assume that the mesons 
are emitted in the direction of their primaries. The primaries will have 
traversed an absorber equivalent d p at a point lying at a depth 0pcos# 
below the top of the atmosphere. The inclined mesons can therefore be 
assumed to originate at a height (compare Blackett (19386), Freon 
(1942,4)) 



The decay probability for inclined mesons is therefore found with the 
help of (18) and (21) as 

\ P l-(3o/c*o>{/*c/CPiCOS#+J>i)} 

\ I ^A 

P 1 cos^J 

(23) 

2. The Decay Electron 

(a) Momentum 

329. The meson is supposed to decay into an electron and a neutrino. f 
In the rest-system of the meson the electron and neutrino must have 
equal but opposite momenta. From the conservation of the energy we 
find for the absolute value of the momentum of the electron 



assuming the rest-mass of the neutrino to be zero. 

In the rest-system of the meson the electron must be assumed to be 
emitted in random direction. Thus we assume the probability of the 
electron being emitted into the solid angle dii to be c?Q/47r. 

Considering the components, one finds for the probability that the 
^-component of P is in an interval P x , dP x 

d& = dP x /2P d . (25) 

330. The momentum of the decay electron of a moving meson is 
obtained by a Lorentz transformation. Let us consider a new system 
of reference in which the meson is moving in the direction of the 

f This assumption was taken for granted at the time of the first edition, doubts as to 
its validity have arisen lately. 
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positive #-axis. We denote the momentum of the meson in the new 
system by P^ and its energy by W^ 

The ^-component of the momentum of the decay electron in the new 
system is obtained with the help of eqs. (4), (5), (10), Ch. Ill, and (24) 
as follows: 

P'a, x =(Pa, x W li +W d P ll )l^, (26) 

where W d = ^(c 2 PJ+mf c 4 ) is the energy of the decay electron in the 
original system of reference. It is seen from (26) that the component 
of the momentum of the decay electron is inside the interval P^n* P max 

with ' P= -PW, 

(Z / ) 



The probability of finding P' dx in an interval dP' which is inside the 
interval JJu in , J^ax * s independent of P' dx and it is according to (25) 



and (26) , = '_p min) . (28) 



Assuming as a first approximation 

P d W d jc fjLC/2, (29) 

(27) can be simplified and it reduces to 

p - 

' 



It is seen that for high meson velocities 

P min ~0 and P max ~P^. (31) 

Thus for high velocities decay electrons will be emitted mainly in the 
forwaitl direction uniformly distributed between zero and P. 

For very high energies the expression (30) for P min becomes invalid, as 
for such energies (29) gives an insufficient approximation of W^/c P^. 
Neglecting nothing, we find from (24) and (27) 



(32) 

The second term in (32) becomes predominant for 

P > ^ ~ 10 4 MEV./c. 

^ 2m c 

It can be shown easily that for P^ = /x 2 c/2m e the velocity of the meson 
is equal to the velocity of the decay electron in the rest-system of the 
meson. It is therefore clear that for larger momentum the decay electron 
is always projected forward. 
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(b) Angle of Emission 

331 . The angle & d between the direction of motion of the meson and 
that of the decay electron can be determined as follows. We have 

tanfl d - P' dty /P' dfX , (33) 

where the ?/-axis is chosen in the direction of the normal component of 
P d . The components of the momentum perpendicular to the direction 
of motion are not affected by the Lorentz transformation and therefore 
we have 



P y. (34 ) 

We find with the help of (26) 

d,x) /QK\ 

(86) 



We introduce P dtX = P d (l 2,^). (36) 

Comparing (36) with (25) we see that 0* is the probability that the 
electron has a momentum exceeding P dx in the forward direction when 
measured in the rest-system of the meson; 3ft is at the same time the 
probability that the electron has a momentum exceeding P dtX in the 
forward direction when measured in the system where the meson is 
moving. 

Neglecting P mm as compared with P we find from (35) and (36) 

2 /0 _ 

<37) 



As the angle ft d decreases monotonically with increasing P dx we conclude 
that 3ft is the probability that the electron is emitted at an angle smaller 
than & d . , 

Inserting 3ft = \ into (37) we find 

tan^=^ for 9 = \, 

w n 

thus half of the decay electrons are emitted inside a cone with the 
opening angle 2& d = 2fjiC 2 /W^. This result bears some analogy to the 
distribution of light emitted by a fast-moving source dealt with in 152. 
The probability of an emission at an angle exceeding 45 is found to be 
about (/iC 2 /Wp 2 . 

Thus the decay electrons of a fast meson are concentrated into the 
forward direction. This effect is very similar to the Doppler effect as 
discussed in 152. The difference between the Doppler effect and the 
emission of decay electrons is that there is always a finite Doppler 
intensity backwards, while a sufficiently fast meson emits in the forward 
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direction only. Physically the difference is due to the finite rest-mass 
of the electron. Decay electrons can only be projected backwards if the 
velocity of the meson is smaller than that of the electron. In the case 
of the photon emission the velocity of the photon always exceeds that 
of the emitting particle and therefore the photon may move forward or 
backward. 

B. EXPERIMENTAL 
1. Direct Evidence 

9 (a) Photographs of Meson Decay 
Discussion of photograph of Williams and Roberts 

332. Direct evidence for the decay of the meson was obtained with 
the cloud chamber. The first photograph showing a decaying meson 
was obtained by Williams and Roberts (1940) (see Plate 2). Similar 
photographs were obtained by others. Recently Powell has obtained a 
microphotograph of a 77-mcson decaying into a /x-meson and the /a-meson 
emitting an electron all inside an emulsion (Plate 7). We discuss the 
photograph of Williams and Roberts in the following. 

The thick track stretching from A to F is that of the incident meson. 
From the end of the meson track a thin track FG emerges. The thin 
track is assumed to be the track of the decay electron. 

333. The meson track is much thicker than the track of the decay 
electron and is also much thicker than the tracks of a number of electron 
tracks seen on the same photograph; thus it is the track of a slow 
particle. 

The photograph is taken in a magnetic field of 1,180 gauss. The curva- 
ture of the meson track between A and C is about 70 cm. and therefore 
the momentum of the particle at the point B is estimated as 

P B = 300.70.1,180.10- 6 MEV./c 
= 25 MEV./c. 

Assuming that the particle has come to the end of its range in F, the 
remaining range is BF and is equal to 41 cm. air N.T.P. From the 
momentum range one finds that the mass of the particle giving rise to 

the track AF must be 

/LC = (25070)m e . 

Thus the incident particle must be a meson. 

We note that the track AF is very different from the track of an 
electron or a proton. An electron track of the same density would have 
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been curled into a small spiral, while a proton track showing the initial 
curvature AC would be expected to have a remaining range only one- 
tenth of the observed range BF. Thus the track must be due to a 
particle of intermediate mass. 

334. The momentum of the decay electron is expected to be 50 
MEV./c, and to have a radius of curvature of 140 cm., if the decay 
products are one electron and one neutrino. The curvature could be 
larger if three decay products were emitted. Only a very short but 
straight section of the electron track is visible and not much informa- 
tion as to the energy of the decay electron can be qjbtained. 

335. Though the photograph, Plate 2, shows all the features one 
would expect for a photograph showing a decay process it is useful to 
refute a number of alternative interpretations of the photograph. 

1. One might try to assume that the process seen in Plate 2 does not 
represent a decaying meson but a fast particle coming from (?, being 
scattered through a large angle at F, losing thereby most of its energy. 

This interpretation cannot be correct, however, for several reasons. 
In case of a large-angle scattering of a fast particle a recoil particle 
should appear, while on the photograph there is no indication of a recoil 
particle. 

Besides, there can be no doubt about the direction of motion of the 
slow particle. The slow particle moves downwards from A to F and not 
in the opposite direction for the following reasons. A 8 -track is emitted 
from the point E moving initially downwards in the direction of the 
meson. Further, the number of S- tracks emitted increases along the 
meson track when going downwards. This is to be expected as a result 
of the slowing down of the meson. Finally, the end of the meson track 
near F shows a large-angle deflexion. Such deflexions are to be expected 
near the ends of slow tracks. 

The large-angle deflexion near the end of the track gives also evidence 
that the meson has come to rest somewhere near F before decay. 

2. The direction of motion of the slow track being known, the slow 
and the fast tracks cannot be interpreted as an electron pair due to a 
photon absorbed in A. 

3. The possibility that the two tracks are independent could not be 
ruled out altogether. One might for instance assume that the slow track 
ends in A, and by accident a fast photo or Compton electron is produced 
by a photon at the same point. The probability for such a process is, 
however, so small that such a coincidence need not be considered 
seriouslv. 
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Estimated rate of decay photographs 

336. There seems to be no reason to doubt the interpretation of the 
photograph shown in Plate 2 as the track of a decaying meson. It would 
be desirable, however, to obtain more photographs of this kind. The 
rate of photographs obtainable showing decaying mesons is small 
under most practical conditions as shown by the following calculation. 

In estimating the rate of occurrence of photographs showing decaying 
mesons, two types have to be considered. 

1. A meson is brought to rest in the gas of the chamber and decays 
afterwards. 

The rate of mesons under an absorber of 6 grams per cm. 2 at sea-level 
is, according to 312, 

^(0) = jr(o)(o+o )-.e%* 9 (38) 

with OQ = 1,000 grams per cm. 2 the absorbing equivalent of the atmo- 
sphere. 

The fraction of mesons stopped in an absorber of thickness d0 is 

1 ^- 

Considering a chamber filled with air of atmospheric pressure having 
a diameter of about 30 cm. we can put 

dO = 0*04 gram per cm. 2 , 

where dd is the absorbing equivalent of the air in the chamber. We find 
from (39) for the fraction of mesons being brought to rest in the gas of 
the chamber 



= 6 . 10-*. (40) 

Thus taking photographs of mesons traversing the chamber one expects 
one meson stopped in the gas for every 13,000 photographs. 

337. We shall see later that only about every second slow meson 
decays and therefore the rate of photographs showing decaying mesons 
is only half of that estimated for mesons stopped in the gas. 

The rate of mesons stopped in the gas is of course proportional to the 
pressure inside the chamber. A better yield can therefore be obtained 
using a high-pressure chamber. A chamber filled with 100 atm. of air 
is described by Johnson, Benedetti, and Shutt (1943). 

The rate of decaying mesons to be expected in a chamber is small. 
Assuming that 1,000 particles per hour are crossing the chamber, one 
expects one meson to decay inside the chamber in every 13 hours. The 
decay electron could be used to trigger the chamber (compare 277), and 
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thus it should be possible to obtain several decay photographs per day 
with a chamber operated at ordinary pressure. 

2. A meson might decay inside the chamber without having been 
brought to rest. The probability of a meson decaying along a path 3 is 
according to (6) 



For a chamber of 30 cm. diameter we thus obtain 

< 42 > 



The above expression is only valid if the loss of momentum in the gas 
can be neglected compared with P. For very slow mesons the probability 
of a meson decaying in the chamber does not increase with decreasing 
momentum as one might expect from (42). The rate of mesons with 
momentum inside an interval dp was shown to be proportional to 
Il(d3#/dp) (compare (8), Ch. IV). Using the approximation (9), Ch. IV, 
we find therefore for slow mesons 

(p ~^-> (43) 



the relative number of mesons with momentum < P < JJLC decaying 
in the chamber is , 



2,000 

Thus, apart from mesons actually brought to rest, momenta in the region 
of ~ IJLC are most favourable for the observation of decaying mesons. 

338. A fast meson decaying in the gas of the chamber may be difficult 
to recognize. If the angle of emission is small, the process* cannot 
be distinguished from a meson being scattered in an elastic collision. 
Therefore the process can only be recognized as decay if the decay 
electron is emitted at a large angle to the direction of the meson. 

The probability that the decay electron is emitted at a large angle is 
of the order of (/xc/P) 2 . Assuming for the differential spectrum 

<5(p) - S(0)(p+2,000)- 2 *, 

we obtain for the fraction of mesons with momentum p > 2/iC which 
decay in the chamber and emit electrons at large angles 



~ 1/50,000. 



2/uc 
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This process is therefore very rare. It is seen therefore that photographs 
of decaying mesons are expected most frequently of mesons which have 
been brought to rest in the chamber. 

(6) The Neutrino 

339. No direct evidence for the emission of the neutrino in the decay 
can be obtained from cloud-chamber photographs. Valuable indirect 
information could be obtained, however, by taking photographs of 
decaying mesons in a magnetic field which is sufficiently strong to permit 
the measurement pf the momentum of the decay electron. 

340. The conception of the neutrino was originally introduced by 
Fermi in order to safeguard the conservation of momentum, energy, 
and angular momentum in the process of /3-disintegration. The cross- 
sections derived for the interaction of neutrinos with matter are, 
however, so small that the probability of observing a neutrino inter- 
acting with matter seems to be negligible. 

It is very unsatisfactory to have to assume the occurrence of such a 
particle which has no observable properties: it was therefore suggested 
by Bohr that it might be preferable to assume the breakdown of the 
conservation laws instead of assuming the existence of a neutrino. 

341. The point of view accepted by many physicists is that the 
assumption of the existence of the neutrino should be made subject to 
the outcome of the following kind of experiment. 

After the emission of a /?-particle by a /S-active nucleus a certain 
amount of energy is 'missing'; this energy may be attributed to the 
neutrino. At the same time it is expected that the momentum of the 
system consisting of /3-particle and nucleus alone is not conserved during 
the decay; the 'missing' momentum may be attributed to the neutrino. 
It is argued that it is reasonable to attribute the missing momentum 
and the missing energy to one particle if these quantities obey the 
energy momentum relation (6, Ch. Ill) in each individual case observed. 

Experiments of this kind have been carried out by Halpern and 
Crane (1939) using radio chlorine (Cl 38 ), and improved by Allen (1942) 
with Be 7 . The experimental results obtained favour the existence of the 
neutrino. 

342. If the /x-meson decay was a decay into an electron and a 
neutrino, as was believed for some time, then according to the con- 
servation laws the energy of the decay electron would be very nearly 
jitc 2 /2. Measurement of this decay energy might give clear evidence 
for the existence of the neutrino. 



190 THE INSTABILITY OF THE MESON [Chap. V 

343. Measurements of Steinberger (1948) have shown that the ranges 
of decay electrons in paraffin show too large straggling to be compatible 
with the assumption that all decay electrons have the same energy. 
Measurements of Leighton, Anderson, and Aaron (1949) in a cloud 
chamber, and measurements of the Bristol group in photographic 
emulsions have shown that the decay electrons have in fact a con- 
tinuous spectrum ranging from to 50 MEV./c ; the spectrum is com- 
patible with the assumption of a three-particle decay into one electron 
and two neutrinos. 

(c) Direct Measurement of the Half -life of trie Meson 

344. The half-life of mesons can be measured directly in the following 
way. An absorber is placed between two sets of counters, Fig. 53. 

Meson P ar ticles entering the absorber from above are 
recorded by the top set of counters. The lower 
counters are made sensitive by an electric arrange- 
ment for a short period after the discharge of any 
of the top counters. The lower counters are made 
to register only pulses which occur at a time more 
than ^ sec. but less than t 2 sec. after any pulse of 
\ the top counters. Such pulses may occur when a 

\ y c ^y meson discharges the top counters and is afterwards 
t A brought to rest inside the absorber and decays after 

I<IG. 53. Arrangement . J 

for measuring the half- & time t with ^ < t < t 2 . 

hfe of the meson. Experiments of this kind have been carried out 
by Montgomery, Ramsey, and Cowie (1939), but they were indecisive. 
The main difficulty with the arrangement as shown in Fig. 53 is the large 
background. There are a very large number of discharges of the top 
counters not due to mesons stopping in the absorber. Thus only a 
minute fraction of the master pulses of the top counters can be expected 
to be accompanied by delayed pulses due to decay taking place inside 
the absorber. Accidentally delayed pulses due to any cause are there- 
fore very important and tend to mask a real effect. 

345. An improved arrangement to measure the meson life was used by 
Maze (1941), by Rasetti (1941), by Auger, Maze, and Chaminade (1942), 
by Rossi and Nereson (1942, 3), and by Conversi and Piccioni (1949). 
The arrangement (Fig. 54) works as follows. The absorber S is placed 
below a coincidence arrangement I-II. A set of anticoincidence counters 
A is placed below 8. Anticoincidences I, II,- A are caused mainly by 
particles coming from above and stopping in 8. To reduce the effect 
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of showers the top counters are surrounded by lead and a lead block 
10 cm. thick is placed between the coincidence counters. Due to this 
selection the anticoincidences are mainly due to mesons stopping in 8. 
The sides of the absorber S are covered with a counter battery. 
The counter battery is made sensitive immediately after each anti- 
coincidence. If any of the counters a are discharged shortly after the 
coincidence pulse, then the pulse is recorded and the time delay between 




Delayed 

anti coincidence 



Decay 
electron 



FIG. 54. Improved arrangement for measuring the half-life of the meson. 

the anticoincidence and the pulse of the counter a is also recorded. 
Such delayed pulses are mainly due to mesons stopping in S and emit- 
ting a decay electron afterwards. The registered time delay can be 
regarded as the time spent by the meson in the absorber before it 
decayed. 

As a result of extensive measurements it was found that the rate of 
delayed pulses corresponding to delays greater than t is given by 

(44) 



with 



l-50-4 

2-20-2 



/0 * 2-150-15 



(45) 



^sec. Rasetti (1941). 
,, Chaminade, Freon, and Maze (1944), 

Rossi and Nereson (1943), 
2-330-15 Conversi and Piccioni (1944). 

The above data refer to positive mesons; negative mesons show a more 
complicated behaviour. 
From equation (44) it is seen that mesons decay at random times. 
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346. The above experiments have no bearing on the question whether 
mesons with a half-life much less than 2 /zsec. occur (see 220) as decay 
electrons emitted after a time much less than 2 jitsec. would not have 
been resolved. 

347. Tt was noticed by Rasetti (1941) that only about half of the 
mesons stopped in a lead or iron absorber emit decay electrons. This 
seemed natural as negative mesons are expected to be captured by 
nuclei in a time much shorter than / (Tomonaga and Araki (1940)). 
Thus only the positive mesons are expected to last long enough for 
spontaneous decay. , 

That the decay electrons emitted in lead or iron absorbers are in fact 
caused by positive mesons was shown experimentally by Conversi, 
Pancini, and Piccioni (1945). Magnetized steel bars in the path of the 
meson were used to discriminate between positive and negative mesons. 

348. It was found subsequently that the capture of negative mesons 
becomes less important for light elements. 

The competition between nuclear capture and spontaneous decay 
gives rise to an effective decay time /' for negative mesons which 
depends strongly on the atomic number of the element and differs from 
the unaffected decay time / of the positive meson. A few results are 
collected below: 



Element 


p&t 


*>t 


NaF% 


# 


<?t 


/7/o 


<i 


~ 0-5 


i 



2. Indirect Evidence for the Instability of Mesons 

349. The absorption of a beam of fast ^-mesons is mainly du# to two 
processes. Firstly, ordinary absorption : that is, mesons are slowed down 
due to elastic collisions. Secondly, mesons are removed from the beam 
due to the spontaneous decay. The ordinary absorption is nearly mass- 
proportional, while the decay is quite independent of the material. The 
two effects together give rise to the so-called absorption anomaly. This 
is that the mass absorption of a beam appears to be greater in air than 
in a dense medium. All measurements of the half -life of fast mesons are 
connected with observations of the absorption anomaly. 

(a) Observation of the Absorption Anomaly 
(i) Directional distribution 

350. The absorption anomaly was observed by Follet and Crawshaw 
(1936); they found that the vertical intensity at a depth 6 under ground 
f Conversi, Pancini, and Piceioni ( 1 947). J Ticho and Schem ( 1 948). Nereson ( 1 948 a, b). 
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is larger than the intensity at sea-level inclined at & to the vertical, 

Where (0+0 )cos# = . (46) 

If the absorption of the cosmic rays in various materials was propor- 
tional to mass, the two intensities would be equal. 

The absorption anomaly was also observed by Auger, Ehrenfest, 
Freon, and Fournier (1937) in a series of counter experiments. The 
intensity of cosmic rays at various heights and in various directions was 
measured. If the cosmic-ray particles were stable, as they were supposed 
to be at that time^ the cosmic -ray intensity in any direction and at any 
height above sea-level should be a function of #sec$, where & is the 
angle of incidence and 9 is the absorption equivalent of the atmosphere 
above the observer. In particular, the vertical intensity observed at A 
should be equal to the intensity in a direction inclined by & to the 
vertical at a point B, provided 

0^ = 0*800*, (47) 

where A , 6 B are the absorption equivalents of the atmosphere above 
the points A and B. The observations of Auger and co-workers showed 
that these two intensities were in fact very different, the vertical 
intensities at the lower stations being considerably larger than the 
corresponding inclined intensities at the higher stations. 

35 1 . The anomalies were interpreted in terms of the instability of the 
meson by Kulenkampff (1938). Considering mesons of momentum P x 
arriving vertically at A and those at an angle & at B the ratio of the 
intensities is found with help of (20) and (23). 

To gt an idea of the magnitude of the anomaly, the following 
numerical values may be considered. At the Jungfrau Joch (3,400 m. 
above sea-level) we have 6 B = 600 grams/cm. 2 Comparing with sea-level 
observations we have ^ 

cos# = -/- = 0-6 
#o 

and & = 53. Thus the intensity inclined at 53 on the Jungfrau can 
be compared with the vertical intensity at sea-level. Assume P A = 
2.10 9 eV. and as a rough average P x = 10 9 eV. Assuming further 
d p = /10, which means that the mesons are produced at a height of 
about 16 km., we find 

./r(0 B ,*)/^(0 ,0)~J. (48) 

Auger and his co-workers found for this ratio 0-6; thus the calculated 
value is of the right order of magnitude. A better agreement could not 
be expected in view of the very schematic treatment. 
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(ii) The temperature effect 

352. A negative correlation between temperature and cosmic-ray 
intensity has been found. This effect can be accounted for according 
to Blackett (19386) in terms of the instability of the meson. Consider 
a change of the atmospheric temperature by 0. If this change is not 
accompanied by a change of pressure then it can be assumed to cause 
an expansion of the atmosphere, and the height of the homogeneous 
atmosphere can be assumed to change by 



( 49 ) 



The corresponding change of the rate of mesons with momentum 
arriving vertically at sea-level is obtained from (20) and (49) : 



(50) 



To obtain the temperature coefficient we have to average S^/./f" over 
the momentum spectrum. We may put in good approximation 





r -\ 

(51) 

Introducing into (51) the numerical values given in eqs. (21), Ch. IV, 
and (22), Ch. IV, and assuming P A = 2,000, /0 P = 10, 300, we 
obtain for the temperature coefficient (e.g. Duperier, 19446) 

I> == <^ ^ = -0-35 per cent, per deg. K., (52) 

* 

which is slightly larger than that found by Compton and Turner (1937) 
and by Clay (1939) from the seasonal variation of cosmic-ray intensity, 
namely 

r^ = 0-1 8 0-011 per cent, per deg. K. 

The agreement between the data is as good as could be expected. For 
detailed discussion see Duperier (1948). 

(iii) Barometer effect 

353. Closely connected with the temperature effect is the barometer 
effect. An increase of the air pressure by db cm. Hg corresponds to an 
increase of the absorption equivalent of the atmosphere by 

d0 = <Z6.13-6. (53) 

Apart from the effects due to instability, the change in pressure causes 
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therefore a change in intensity. The barometer coefficient due to this 
process can be obtained with help of eq. (25), Ch. IV, as 

= - 2 * 1 er cent - er cm - H - 



(54) 
The increase of pressure is accompanied by an increase of 3 ; we 



have 



Neglecting changes in P A and under the logarithm we find for the 
regression coefficient of this second effect, with the help of (20), (50), and 



T-F^Q 1-4 per cent, per cm. Hg. (56) 

Adding the two effects we find 

I>6 = r<&+r<& - -3-5 per cent, per cm. Hg. 
The above value for the barometer coefficient is somewhat larger 
than the value obtained from observations with the ionization chamber 
but it agrees well with the counter observations of Duperier (1944 a), 

namely ~ . , TT 

^ F /r6 = 345 per cent, per cm. Hg. 

(iv) Effects of temperature and pressure distribution 

354. The main weakness of the preceding treatments of the tempera- 
ture effect and of the barometer effect is that the atmosphere is assumed 
to have uniform temperature distribution. In reality the temperature 
of the atmosphere changes with height and a change of pressure or 
temperature near sea -level may be accompanied by a complicated 
change of the temperature distribution. 
The height of formation of mesons is given by 

00 



(0(0) 

~ 3 J "ei" 



f, (57) 



where 0(0) is the temperature at a level corresponding to a pressure 
b = 0/13-6. The values of 0(0) can be obtained from meteorological 
records and thus 3 can be evaluated for the periods of observation. 
Comparing records obtained during periods of equal pressure but 
different temperature distributions one expects a good correlation 
between 3 as obtained from (57) and the observed intensities. 

A correlation of this kind was carried out by various observers. 
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Duperier (19446) carried out the correlation with various assumptions 
as to the value of P . The correlation coefficients thus obtained are as 

follows: 

TABLE 2 



Op gm./cm. 2 


Height in km. 


vjn 


100 


16-1 


-0-67 


153 


13-5 


-0-54 


255 


10-3 


-0-32 


510 


5-5 


-0-30 



The correlation improves with decreasing P ; the best correlation is 
found for 6 P = 100 grams per cm. 2 , the smallest value used. 

These results show that most mesons are produced by primaries with 
a mean range of the order of or smaller than 100 grams per cm. 2 

355. It seems to be possible to account for both the barometer effect 
and the temperature effect on the lines described above. Many details 
are, however, still obscure and much more experimental material will 
be needed. 

The barometer and temperature effects may in future prove to be 
very useful to meteorology as the variations of cosmic radiation may 
be found to be a useful indicator of the temperature and pressure 
distribution of the atmosphere. 

The main difficulty for the meteorological application seems to be 
that the cosmic-ray intensity shows occasional variations due to causes 
which cannot be traced. Variations occur in connexion with magnetic 
storms. There are cases where the correlation of the magnetic intensity 
with the cosmic-ray intensity is very pronounced. The detailed con- 
nexion is, however, very obscure. Large magnetic disturbances may be 
accompanied by large or small changes of intensity and cases of large 
changes of intensity during slight magnetic disturbances have also been 
observed. 

(6) Measurement of the Ratio /x,// 

356. The observation of the absorption anomaly permits the experi- 
mental determination of the ratio /x// . As / can be measured directly, 
the anomalies can be used to determine the rest-mass JJL. 

The effects described in 350-5 were analysed by Euler and Heisen- 
berg (1938) and it was found that they can be interpreted by assuming 

/ = 2*7 . 10- 6 sec. for ^ - 80 MEV./c 2 . 

(The value of ju, was of course assumed to be known from cloud-chamber 
evidence.) 
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These effects are, however, not very suitable for the exact determina- 
tion of the ratio JLI,// O , as their interpretation depends upon 3 P , the height 
of formation of the mesons, and also on the air distribution over the 
observer. Experiments which permit a simpler interpretation have been 
carried out by Rossi, Hilbery, and Hoag (1940), and by Neher and 
Stever (1940), anxl others. 

Anomaly under controlled conditions 

357. In these experiments it is attempted to compare the absorption 
of a well-defined cosmic -ray beam in air with the absorption of a similar 
beam in a dense material. The absorption in the dense material can be 
chiefly attributed to the stopping down of mesons in the absorber. In air 
the absorption is due to both the stopping down of particles and the decay 
of mesons. The difference between the absorption in a dense absorber 
and an equivalent amount of air gives the effect due to decay alone. 

358. A difficulty arises, as according to Fermi (1939) the rate of loss 
of particles in a gaseous state may differ from the rate of loss in the 
same element when in the solid state, the reason for the difference being 
the polarization of the crystal lattice by the passing particle. Calculation 
showed, however, that the effect of polarization is small and it cannot 
be responsible for more than a small fraction of the observed anomalies. 

Average decay probability of the mesons in the hard component 

359. The actual experimental procedure of Rossi, Hilbery, and Hoag 
(1940) is as follows. 

The vertical meson intensity was measured with a coincidence 
arrangement at various heights above sea-level; and thus an absorption 
curve of the meson intensity in air was obtained. At each elevation the 
absorption of the cosmic-ray beam was measured in carbon by placing 
absorbers of carbon on top of the coincidence arrangement. 

The experimental results thus obtained are shown in Fig. 55. The 
full curve represents the height-intensity curve obtained without carbon 
absorber. The dotted lines branching off the main curve show the 
absorption of the cosmic rays in carbon at the various stations. The 
difference between the dotted and full curves is due to decay. 

360. If all mesons had the same momentum p, then the fraction of 
mesons decaying in a layer d6 of air would be 

?? (58) 

where k is the density of air. 
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The late of absorption due to decay is obtained by averaging over 
the spectrum. We find 



And therefore 
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FIG. 55. Intensity of hard component as function of atmospheric 
depths. From Rossi and others, Phys. Rev. 57, 466. 

The numerical results of Rossi, Hilbery, and Hoag (1940) are col- 
lected in the following table. 

TABLE 3 





1/W\ 


1/W\ 


C/o 


Depth interval 


10~ 8 cm*/gm. 


^/carbon 
10~ 3 cm.*/gm. 


18 C. 


616-700 
699-786 
857-944 
1,010 


2-42 
2-295 
1-824 
1-47 


1-08 
1-16 
0-84 
0-59 


9-9l'2l 
9-5l-7 | X cm ' 
9-4l-6j 



360J 
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Assuming l/<l/p> 1,300 MEV./c, the value obtained from Black- 
ett's spectrum near sea-level, one finds 



/ = 2. 10- 6 sec. for 



= 100 MEV. 



This value is in good agreement with the directly observed values of p 
and / . The main uncertainty of the method lies in the fact that the 
energy spectrum has only been measured at sea -level. One would 
expect <l/p) to change with height. The good agreement between the 
values of C/Q obtained at different heights seems to indicate that the 
value of (I IP) does not in fact change very much. 

Decay probability as function of momentum 

361. The uncertainty due to the energy spectrum can be eliminated 
by using an arrangement due to Rossi and Hall (1941); see also Rossi, 




FIG. 56. Experimental arrangement of Rossi and Hall. 
From Rossi and others, Phys. Rev. 59, 224. 

Greisen, Stearns, Froman, Koontz (1942), Bernardini and Festa (1943), 
and Bernardini (1943). This arrangement enables one at the same time 
to measure the dependence of the apparent lifetime /Q on p\ it is 
described in the following. 

The coincidence arrangement 1, 2, 3 is replaced by an anticoincidence 
arrangement A, B, C, D,F (Fig. 56). The anticoincidence counters 
F are placed below the coincidence system and are separated by some 
absorber. Anticoincidences are caused by particles which have a sufficient 
range to cause coincidences A, B, (7, D but have too short a range to 
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penetrate the additional absorber S placed between the coincidence and 
anticoincidence counters. Thus anticoincidences are caused by particles 
inside a defined range interval and therefore by particles inside a defined 
momentum interval p < p < p 2 . 

The rate of mesons with momentum between p l and p 2 is measured 
under the following two conditions. 

1. At a height 3' with no absorber S above the arrangement (Fig. 57). 

Absorber equivalent 
bo air layer j'- 



?-r 




Fio. 57. Scheme of the experiment of Rossi and Hall. 

2. At a larger height 3" with an absorber 2 above the arrangement 
having an absorbing effect equal to the layer of air between the two 
heights. Without decay the two intensities would be equal; the- ratio 
of the intensities can be used to determine the apparent lifetime of 
mesons in the interval p to p 2 . 

The dense absorber compensating for the air was of iron. The Bloch 
formula ( 237, eq. (164), Ch. Ill) was used for the comparison of the 
air and iron absorption equivalents. According to the Bloch formula 
one finds that 147 grams per cm. 2 of air is equivalent to 200 grams per 
cm. 2 of iron. 

In this way Rossi and Hall (1942) found the following values for the 

mean ranges of mesons: 

TABLE 4 



Momentum 



Group of mesons round 

500 MEV./c 
Mesons with momentum 

exceeding 580 MEV./c 



10 5 c/Q = mean range 
in 10 5 cm. 



4-50-6 
13-30-9 



It is seen from the above data that the mean life of mesons increases 
with increasing momentum. 
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The average number of particles falling on any of the counters is 
therefore a j\ 

where S is the area of the counters and D the density of particles in 
the vicinity of the arrangement for a particular event. 

The probability that each of the n counters is discharged is given by 

P n = (i- e - SD ) n . (61) 

This quantity P n is small for small values of D and becomes nearly 1 
for large values of D. For simplicity replace P n by a step function, 

for > 
for D<D n . 

The quantity D n may be defined to satisfy the following equation: 

(l-e-D.8) = J; (63)t 

and D n S has the values given by the following table: 

TABLE 10 

n = 1 2 3 4 5 

D n S= 0-69 1-23 1-58 1-84 2-04 

584. Hilberry (1941) used fourfold coincidences. Two of the counters 
were, however, placed close above each other, and therefore for sea- 
level, where most of the showers are expected from the vertical direction, 
n may be put equal to 3. For greater heights the effective value of n 
must be between 3 and 4. 

The area of the counters was 196 cm. 2 and therefore the effective 
value of D n is between 

1-58/0-0196 = 81 particles per m. 2 
and 1-84/0-0196 = 94 particles per m. 2 , 

whence we obtain the following results : 

TABLE 11 



Height 


Calculated 


Observed 
(Hilberry) 


J = 24 
16 


0-7 
16 


1-5 
14-0 



The agreement between calculation and observation is reasonably 
good. 

f As the density distribution obeys a power law, we could also use the methods of 
447 ; in tnis way we obtain instead of (63) 

D n S = a with --- = ^. (63a) 
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585. The results of Cocconi (J943) can be interpreted in a similar 
way. The effective D as function of S can be found from eq. (63) (or 
(63 a)). The corresponding intensity can be evaluated with help of 
Table 8. 

We have evaluated both the threefold and fourfold rates for the 
extreme values of 8 used by Cocconi. The results are shown in Fig. 108 
together with the experimental results of Cocconi. (We have integrated 
numerically over the directions of incidence.) 

The agreement between calculated and observed intensities is satis- 
factory and it is seen that the spectrum (45) can give a good account 
of the observations. 

Calculations of Hilberry (1941) and of Cocconi (1943) lead to a 
spectrum with an exponent slightly larger than 1-5, the discrepancy is 
probably caused by a slightly different approach. 

(c) The Barometer Effect 

586. The barometer effect of extensive air showers can also be 
accounted for qualitatively in terms of cascade showers. 

The regression coefficient of the effect is given by (37) as 

IV, = 31^. (64) 

Writing for the vertical intensity 

<g ~ e-<*/24, 

where a has the values given in Table 8 a, we find 

r<y tp = 31 X|J = 20 per cent, per cm. Hg. (65) 

Regression coefficients of this order were observed by Cosyns (1940) for 
very large showers. The value seems somewhat too large. 

(d) The Penetrating Power of Large Cascades 

587. A large cascade shower has its greatest penetrating power 
near the centre where the high-energy electrons and photons are con- 
centrated. The fringe of the shower should, however, be very soft, as 
it should consist mainly of particles with energies of the order of the 
critical energy. 

From Table 7 in 579 it follows that for the most important region 
of cascades 

0-1 



and therefore r D ~ .R/3. 
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Thus particles with energies of the order of 

3w c < 300 MEV. 

should be expected to be predominant. This is in at least qualitative 
agreement with the observation given in 566. 

588. Large fluctuations are to be expected; occasionally we shall 
observe th8 region near the core which contains many energetic 
electrons. 

The area containing particles with energies exceeding w is given 
roughly by ^ = ^2(^)2 _ ioV< 2 cm. 2 

The density of particles of given energy w decreases with increasing w. 
In Table 12 we consider showers in which the density of particles with 
energies 



; > lOt^, 100; c> ... 

exceeds an arbitrary limit, namely 100 particles per m. 2 The particles 
with energy w are assumed, according to (27) to be distributed uni- 
formly inside a circular disc. The area A w of this disc is giveninTable 12. 
Further we have collected in Table 12 the values of primary energy 
w Q giving rise at sea-level to showers containing more than 100 particles 
of energy > w per m. 2 ; finally, we have collected the rate of events in 
which such a shower falls on a given point at sea -level. 

TABLE 12 

Energy of observed (Vw c ) 10 100 1,000 

particles A w = 10 6 10 4 10 2 cm. 2 

Primary, giving rise Iog 10 (w /w c ) = 7-3 6-9 6-6 

to ,4^/100 particles 
each exceeding w 

Rate of incidence per 2 0-08 0-002 

hour, per unit solid 
angle, upon A w 

From the above table it is seen that parts of showers containing 
electrons up to I00w c = 10,000 MEV. are comparatively frequent. 

Electrons of 10,000 MEV. produce cascades penetrating up to 10 cm. 
of lead. However, comparing Table 12 with Table 3 and 4 we see 
that about 20 per cent, of the extensive showers are found to penetrate 
10 cm. Pb, while only 4 per cent, should be capable of doing so in terms of 
the cascade theory. The discrepancy with the cascade theory becomes 
more pronounced for thicknesses exceeding 10 cm. Pb as will be shown 
in the next chapter. 
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These penetrating extensive air showers cannot be accounted for in 
terms of ordinary cascades. They have to be interpreted with the 
assumption that electron cascades contain also particles more pene- 
trating than electrons. Compare Cocconi (1943) and others. 



(e) Secondary Showers 

589. It remains to discuss the effects of cascade showers originating 
from secondary electrons or decay electrons. 

An electron originating inside the atmosphere may be more effective 
in setting off a counter arrangement than a primary electron of the 
same energy because it is created close to the apparatus. A large 
shower, however, requires the greater part of the atmosphere for its 
full development. It was shown in 579 that at a depth of 16 cascade 
units below the top of the atmosphere, the most important contributions 
come from inclined directions, since a thickness of 16 units is not 
sufficient for full development. Thus electrons originating inside the 
atmosphere are only slightly more effective in producing large extensive 
showers than electrons coming from outside. 

Local electrons may, however, be responsible for showers of com- 
paratively small extension. Take, for instance, the case of a shower 
containing 100 particles in the centre area of 10 4 cm. 2 According to 
Table 12 a primary of 8. 10 9 MEV. on the top of the atmosphere, will 
produce such a shower near sea-level. Using the cascade figures given 
in Chapter VI it is found that such a shower can also be produced by 
a primary of 10 7 MEV. originating at a distance of about 5 cascade units 
from the arrangement. 

Thus a shower covering only about 10 4 cm. 2 can be produced by a 
local electron of much smaller energy than the energy required for a 
primary. Since the spectrum of the local electrons falls off much more 
rapidly than that of the primary electrons (see Ch. VI), the contribu- 
tions of the local electrons may be comparable to the primaries. 

590. Lewis (1945) observed that the number of coincident bursts 
increases strongly when the distance between two burst chambers is 
reduced. These observations are not in agreement with the density 
distribution as expected for large showers, as the density in large 
showers should change only slowly inside large areas. 

The observations of Lewis may, possibly, be accounted for in terms 
of local cascades as discussed in the previous paragraph. No quantita- 
tive treatment of the problem of local showers is available. 
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3. Conclusions 

591. From the above analysis it can be concluded that most of the 
extensive air-shower phenomena can be accounted for in terms of an 
incident electron spectrum obeying a power law. The exponent of the 
integral spectrum has to be assumed to be about 1-5; this is the same 
spectrum a deduced for low energies from the study of geomagnetic 
effects. 

Similar conclusions have been reached by Skobelzyn (1942, 1944 a, 6). 

The effects which cannot be accounted for in a simple way are 

(1) dependence of burst coincidences upon distance for small distances, 

(2) the penetrating extensive air showers. 

The first discrepancy may be accounted for in terms of secondary 
showers; though it was also suggested that some of the 'narrow showers' 
are nuclear explosions and not cascades. 

The second discrepancy, regarding penetrating power of extensive 
showers, is most significant. This shows that extensive air showers 
contain agencies more penetrating than electrons or photons : the nature 
of these agents has not been established with any degree of certainty 
so far. 

It was suggested by Auger, Daudin, Freon, and Maze (1948), and 
independently by Broadbent and Janossy (1948) that the bulk of the 
penetrating particles in air showers cannot be mesons or nucleons. It 
was 'suggested tentatively that these particles might be 'A-mesons', i.e. 
particles of single charge with a mass a few times that of the electron. 
Recent experiments of V. Tongiorgi Cocconi (1949) have shown that 
extensive air showers are accompanied by large numbers of neutrons. 



IX 
THE ORIGIN OF THE MESON COMPONENT 

592. The origin of the hard component of cosmic rays is one of the most 
important questions of cosmic ray research. Already (1938^T. H. John- 
son postulated, as a result of a purely phenomenological analysis, that 
the primaries of the hard component consisted of protons. The hypo- 
thesis was elaborated in a number of publications (e.g. Johnson (1939), 
and later Blackett (1941), Janossy and Nicolson (1948)). 

A consistent theory of meson production was given by Hamilton, 
Heitler, and Peng (1943), their ideas were further elaborated in subse- 
quent papers. It was suggested by Heitler and collaborators that the 
primaries of the mesons are protons and that the protons in collisions 
with atomic nuclei emit mesons in a process not unlike bremsstrahlung . 
Though many of the details of meson production are still obscure, there 
is little doubt that the ideas put forward by Heitler and his group are 
essentially correct. Perhaps the fact that mesons have been produced 
artificially in a cyclotron gives the most direct evidence (Gardener and 
Lattes (1947)). 

In the following section the experimental evidence relating to the 
process of meson production will be reviewed. More recent experimental 
material which could not be included in this edition is summarized in 
Rossi's excellent article in Rev. Mod. Phys. 1948. 

A. EXPERIMENTAL EVIDENCE 

593. It was shown in Chapter VII that the secondary origin of the 
mesons can be deduced from simple energy considerations. Actually, 
even before the experimental discovery of the meson, it was concluded 
by Nordheim (1938) and also by Bowen, Millikan, and Neher (1937) that 
the hard component must be of secondary origin (compare 550). 

The argument of Chapter VII is based on the fact that the average 
energy of the primaries, as determined from the geomagnetic effects, 
greatly exceeds the average energy of the mesons observed near sea- 
level. It is therefore concluded that primaries split up their energies in 
producing several mesons. 

1. The Height of Formation of Mesons 

(a) Absorption Anomaly 

594. Evidence of the height of formation of the meson component 
may be derived from the temperature effect. The effect was discussed in 
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detail in 354. According to Duperier (19446) one can conclude from 
this effect that the bulk of the mesons are produced at a height exceed- 
ing 16 km., i.e. one-tenth of the mass of the atmosphere is above the 
average height of formation. 

Experiments of Freon (1944) suggest that the mesons are not pro- 
duced at one layer but that some meson production continues down 
to moderate altitudes. 

(b) Experiments of Schein and co-workers 

595. Direct evidence for the production of mesons at high altitudes 
was obtained by Schein, and various co-workers (1940). Two different 
experimental arrangements were used. 





FIG. 114. 
FIG. 113. Schein 's arrangement. 
FIG. 114. Results of Schein, Jesse, and Wollan. 

Experiments were carried out with the object of observing the pro- 
duction of mesons by non-ionizing primaries. The experimental layout 
is shown in Fig. 113 and the experimental method is discussed in 285. 

Coincidences of the counters 1, 2, 3 and simultaneously the coinci- 
dences of the counters 2, 3, 4 were recorded. The rates #(123) and 
^(234) as function of height are shown in Fig. 114. It is seen that the 
two rates differ by about 25 per cent, for heights of the order of 16 km. 

The difference between the two rates may be interpreted in terms of 
ionizing secondaries produced by non-ionizing primaries in the absorber 
Sj. Thus if a non-ionizing primary falls on S x and gives rise to an 
ionizing secondary, this secondary may give rise to a coincidence (234), 
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but it is incapable of giving rise to a coincidence (123). Therefore in 
the presence of non-ionizing primaries the difference 

0. (1) 



(A) 



5cm. 




The difference actually observed is sufficiently large to justify its 

interpretation in terms of non-ionizing primaries. Note that a very 
small effect might be due to the slight difference 
j n geometry (see 294). 

The secondaries observed with the arrangement 
Fig. 113 have a range of at least 8 cm. of lead. It is 
therefore likely that these secondaries are mesons. 
As an alternative interpretation it might be assumed 
that the coincidences A^f are due to cascades ini- 
tiated by photons of about 10 4 MEV. and not to 
mesons. The interpretation of the effect in terms 
of meson production is, however, the more likely 
one. Photons of 10 4 MEV. are rare, and they can 
hardly exceed 1/1,000 of the total intensity (see 
Ch. VI). 

596. Coincidences up to very great heights were 
observed by Schein, lona, arid Tabin (1943) with 
the arrangement as shown in Fig. 115. An absorber 

Fio. 115. Arrangement T consisting of 8 cm. Pb is placed between, the 
counters C and D. Absorbers of 5 cm. paraffin 
each are placed between A and B, and B and C. 

The coincidences A BCD were taken as a measure of the vertical inten- 

sity. The counters E, F, G y H, K, and L were used to detect various 

types of showers. 

The following results were obtained. 

(i) Less than 3 per cent, of the coincidences ABCD (i.e. verticals) 

were accompanied by coincidences EFACD. Thus most of the incident 

particles were single. 

(ii) At high altitudes a considerable fraction of the primaries dis- 

charged not only the counters ABCD but also some of the side-counters 

Oj H, K, L. Such coincidences indicate the production of showers in 

the paraffin. Some of the results are shown below. 

The observations are interpreted in terms of the production of 

showers in paraffin by primaries. It is suggested that showers ABCDG, 

etc., are observed whenever a primary is absorbed in the paraffin and 

gives rise to a shower containing at least one meson. 



of Schein, lona, 
Tabin. 



and 
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TABLE 1 
Shower coincidences as fraction of the rate A BCD 



Pressure 
(cm. Hg) 


Accompanied by the discharge of: 


(%) 


L (%) 


6 
17 


25 
15 


50 
35 



Schein concluded from his analysis that the cross-section for shower 
production was about 2. 10~ 25 cm. 2 , i.e. of the same order as the cross- 
section of a nucleus. 

597. The data of Schein cannot be accounted for either by cascade 
showers or by knock -on showers. The probability for the production 
of a cascade in 5-10 cm. of paraffin is negligibly small; and even if a 
cascade was produced in the paraffin it could hardly penetrate the 
absorber T (8 cm. of lead). 

The probability of a meson giving rise to a knock-on electron in 5 cm, 
of paraffin is also very small, and therefore only a small fraction of the 
mesons passing through the counters A BCD are expected to discharge 
any of the side -counters by giving rise to secondary electrons. 

It is concluded that the most plausible interpretation of the results 
seems to be the production of mesons. 

2. Penetrating Showers 

598. The general argument mentioned in 550 suggests that mesons 
are produced in small groups which should be observed as showers of 
penetrating particles. Many observers have succeeded in observing 
penetrating showers. It has usually been assumed that penetrating 
showers consist mainly of mesons and that the process of production 
of penetrating showers is the process responsible for the bulk of the 
meson component of cosmic radiation. The relevant experimental data 
will be discussed in the following paragraphs. 

(a) Cloud-chamber Evidence 

599. Groups of mesons were observed on cloud-chamber photographs. 
Showers containing penetrating particles were observed by Fussel 
(1938). 

Photographs containing two mesons passing simultaneously through 
a lead plate were observed by Braddick and Hensby (1939). It is 
interesting to note that these observations were carried out under 
ground with 60 m. water equivalent above the chamber. 
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A large number of photographs have since been obtained by various 
observers (see 68, Ch. I). A few interesting cases of penetrating 
showers are reproduced in Plate 4, a-d. a shows three particles passing 
simultaneously through a lead plate. The three particles appear to 
have originated in one point inside a lead absorber above the chamber. 
In 6 a photograph obtained by Hazen (1944) is reproduced. The 
cloud chamber contains a number of horizontal lead plates. A pene- 
trating particle which comes from above the chamber passes through 
two of the upper plates and gives rise to a ^shower in the third plate. 
The shower particles are partly penetrating themselves, but one heavily 
ionizing particle is also seen to emerge from the lead plate. 

This process shows the complex nature of some of the penetrating 
particles. 

In c we have reproduced a very complex shower obtained by 
Rochester. This shower is known to be penetrating because the chamber 
was controlled by a counter arrangement which only responded to 
penetrating showers (see 597). 

A photograph obtained by Auger and Daudin (unpublished) is 
shown in d. 

Photographs showing penetrating showers were also obtained by 
many others; a bibliography is given by Rochester (1946, 8). 

600. Penetrating showers were observed by V. H. Regener (1943 a, 
6) with an arrangement consisting of about 100 self-recording counters 
arranged in a number of trays separated by lead absorbers. 

The neon lamps controlled by the counters gave pictures of showers 
setting off the arrangement. 

(b) Counter Experiments 

601. The experiments of Schein, lona, and Tabin (1943), as described 
in 596, give evidence that mesons are produced in showers. Detailed 
experiments near sea-level into the properties of penetrating showers 
were carried out by Wataghin (1940) and his co-workers and indepen- 
dently by Janossy and Ingleby (1940), and Janossy (1941, 3). 

Wataghin's experiments 

602. A typical arrangement used by Wataghin (1940) with four 
counters, 1, 2, 3, 4, placed at the corners of a rectangle is shown in 
Fig. 116. The lower counters 3, 4 are well surrounded by lead and 
the top counters 1, 2 are separated by 17 cm. of lead from the bottom 
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counters 3, 4. Fourfold coincidences 1234 are observed, and the rate 
is of the order of one coincidence in five hours. 

We show in the following that Wataghin's observations cannot be 
accounted for by either cascade showers or knock-on showers. 

The absorber separating the top counters 1, 2 from the lower counters 
3, 4 is about 30 cascade units. From the cascade figures of Appendix II 



10 



Pb 




I7cm. 



FIG. 116. Arrangement of Wat aghin and co-workers. 



it follows that a primary energy of about 3. 10*w c is needed to start a 
cascade with a range exceeding 30 cascade units. The critical energy 
in lead is about 7 MEV. ; therefore the primary energy required is 
approximately 



w= 2.10 5 MEV. 



(2) 



The above energy is not unreasonably high, and therefore occasionally 
electrons will penetrate 17 cm. of lead. Nevertheless the coincidences 
of Wataghin cannot be accounted for in terms of such electrons, in fact, 
to give rise to a fourfold coincidence at least two particles with ranges 
exceeding 17 cm. of lead are needed. Thus a coincidence 1234 could 
only be accounted for in terms of two electrons each having an energy 
greater than 2.10 5 MEV. and the two electrons have to be separated 
by a distance of the same order as the horizontal separation of the 
counters. The mean square separation of electrons of energy w in an 
air shower is according to 557 of the order of 

(21 MEV.fw) cascade units. (3) 

It follows from equation (2) that the separation is 2.10~ 4 cascade 
units, i.e. 7 cm. (note one cascade unit in air N.T.P. is 342 m.). 

The horizontal separation of the counters in the various arrangements 
varied from 40 cm. to 1 m. The probability of finding electrons of energy 
w separated by 1 m. instead of 7 cm. is negligibly small. 

603. Further, the coincidences cannot be accounted for in terms of 
knock-on showers. 

A coincidence 1234 may result if one meson passes through two of the 
counters, say 1 and 3, and a knock-on shower which passes through the 
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remaining counters 2 and 4. Clearly the knock-on shower must have an 
energy of at least 2. 1C 5 MEV. A shower of this energy is, however, pro- 
jected almost in the forward direction and therefore the shower cannot 
separate from the primary meson. 

The meson itself has high energy and is not scattered appreciably. 
Hence the separation of knock-on shower and primary meson is of the 
same order as the separation of the electrons in a cascade. ^A knock -on 
shower is incapable of giving rise to a coincidence 1234. 

604. Further, the lateral spread of a cascade shower in lead is of the 
order of one cascade unit of lead and therefore a shower in lead can be 
taken as a column of about 1 cm. diameter. Thus the shower, whether 
primary or secondary, cannot spread sufficiently to cover both of the 
lower counters. f 

Properties of the showers observed by Wataghin 

605. It was found by Wataghin (1940) that a fifth counter 5 placed 
in between the counters 3 and 4 is frequently discharged simultaneously 
with the fourfold coincidence 1 234. It was therefore concluded that many 
of the penetrating showers contain more than two penetrating particles. 
The average density of penetrating particles in a shower was estimated 
at 30 particles per m. 2 

An unshielded counter placed at a distance of 3 m. from the main 
set also showed coincident discharges with the main set. Thus at least 
part of the penetrating showers were extensive air showers. 

As shown in the preceding paragraphs these extensive air showers 
could not have been ordinary cascade showers. 

The experiments of Janossy and his co-workers 

606. The arrangement used by Janossy and Ingleby (1940) (compare 
also Janossy (1941)) is shown in Fig. 117. The eight counters, H, in the 
middle of the arrangement were made to control neon indicators; and 
records were taken showing which of the counters H was discharged 
simultaneously with any fivefold coincidence 123^4J3. A fivefold coinci- 
dence accompanied by the discharge of n J^-counters will be denoted 
by <f 6 (n). 

Fivefold coincidences tf^n ^ 2), that is fivefold coincidences accom- 
panied by the discharges of two or more of the counters H were recorded 
frequently. Such coincidences cannot be accounted for in terms of 
either cascade showers or knock-on showers, as we show presently. 
t This argument was also put forward by Auger (unpublished). 
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607. The top and bottom trays were separated by 30 to 50 cm. of 
lead. Further, the bottom counters were shielded from the sides by lead 
more than 50 cm. thick. Hence a cascade shower reaching the bottom 
counters must have penetrated 30 cm. of lead or about 60 cascade units. 
A primary energy of the order of 1 10 ME V. is required for such a cascade. 




lead iron 

I\\V\I 1 ' / / 71 

FIG. 117. Arrangement of Janossy and Ingloby, from Proc. Eoy. Soc. A t 179, 362. 

The number of electrons with energies exceeding 1 10 ME V. is much too 
small to account for the observed coincidence rate of one in five hours. 
Indeed, the area covered by the lower counters is about 1,000 cm. 2 , 
and if each coincidence was due to an electron of more than 10 10 MEV. 
energy falling on the system the rate of such electrons would have to be 

0-2 per hour . . R . 9 

* __^ 3 x 10~ 6 per mm. per cm. 2 

1,000 cm. 2 F ^ 

The resulting flow of energy would be 

3 X 10- 6 X 10 10 MEV. = 3 X 10 4 MEV. per cm. 2 per min. 
The observed energy flow is 

2B = 6x 10 3 MEV. per cm. 2 per min. 

and the larger part of this flow is due to mesons and slow electrons. 
It is therefore seen that the energy flow which would accompany 
cascades penetrating sufficiently frequently 30 cm. of lead is far larger 
than the total flow of electron energy observed at sea-level. 

The discrepancy becomes very much larger for the experiments using 
50 cm. of lead. It is found that the number of coincidences is only 
slightly affected when the absorber S is increased from 30 to 50 cm. of 
lead. Since the cascade energy required to penetrate 50 cm. of lead is 
of the order of 10 13 MEV., a flow of energy about 10,000 times the 
observed flow would be necessary in order to account for the coincidence 
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in terms of cascades. It is concluded that the coincidences ^ 5 are not 

due to cascades. 

608. Further, fivefold coincidences ff^n ^ 2) cannot be due to 

knock-on showers: 

A meson passing through the arrangement Fig. 117 can discharge at 

most one counter out of each of the three trays. In order to produce a 

coincidence ^^(n ^ 2) at least twlSr counters in 
each of the three trays have to be discharged. 
The additional three counters can be discharged 
by means of three independent secondaries of 
the meson. Such a shower may be called a 
4 triple knock-on ' . The rate of triple knock-ons 
can be estimated accurately, and their rate is 
small compared with the observed rate of co- 
incidences ^5 (ft ^ 2). 

The number of mesons passing through the 
arrangement can be determined by counting 
coincidences of any counter of the top tray 
with any counter of the bottom tray. Write 
for this rate # 2 . A certain fraction of the co- 
j incidences ^ 2 is found to be accompanied by 
the discharge of an additional counter in the 

Fio. 118. Size distribution of f , r , 

penetrating showers. From bottom tray. Write for the rate of such 
Proc. Roy. Soc. A, 179, 366. coincidences # 8 . Thus the probability (p b ) of 
a counter of the bottom tray being discharged by a knock-on shower is 

Pb ~ ^3/^2- 

Similarly the probabilities of knock-ons in the other trays can be 
determined. 

The knock-on probabilities are thus found to be of the order of 

1-2 per cent. 

An examination of the records shows that most of the coincidences 
# 5 (tt = 2) are due to double knock -on showers, but that the rate of 
triple knock-on showers is much smaller than the rate of coincidences 

< ('n ^> 9^ 
Vb\ n ^ *) 

Thus these coincidences cannot be caused by triple knock-on showers. 

609. The multiplicities of discharges observed with the counters H 
is shown in Fig. 118. Note that the rates n and n = 1 are com- 
paratively high because of the contribution of knock-on showers. The 
rates n ^ 2 decrease only moderately with increasing n, the rate for 
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= 8 being only about half of the rate for n = 2. The shower sizes 
jm therefore to be distributed fairly uniformly. 

The distribution shown in Fig. 118 is additional evidence that the 
[charges n ^ 2 are not due to knock-ons. Most of the knock-on 
londaries have low energies and therefore the knock -on shower should 
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10 20 30 40 50 

thickness of absorbers 
i. 119. Absorption curve of penetrating showers. From Proc. Roy. Soc. A, 179, 365. 

a rule discharge only few of the counters H . The observations show 
strong predominance of small multiplicities. 

610. In Fig. 119 there is plotted the absorption curve of the shower 
rticles observed with the arrangement of Fig. 119. It is seen that for 
.all thicknesses of the absorber S the rate of coincidences is large, 
e absorption curve up to about 12 cm. of lead resembles strongly the 
sorption curves of cascade showers shown in Fig. 69, Ch. VI. For 
ger thicknesses the rate of absorption becomes small. The absorption 
bween 30 and 50 cm. of lead is only of the order of 30 per cent. 

It is clear from this curve that the coincidences for S < 10 cm. of lead 
3 mainly due to cascades, while for larger thicknesses of S the cascades 
5 filtered out and only the penetrating showers remain. 

3. Local and Extensive Penetrating Showers 

(a) Local Penetrating Showers 
ansition effect 

611. The arrangement used by Janossy (1941) is particularly suited 
the observation of the transition effect of penetrating showers. 

Et is found that the rate of sevenfold coincidences increases 

1595.40 
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considerably when an absorber T is brought close above the top tray of 
counters. The lead transition effect found by Janossy and Rochester 
(1944 a) is shown in Fig. 120. 

The transition effect is interpreted in terms of the production of 
penetrating showers in the lead absorber T by incident primaries. 



05 
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5 10 15 

thickness of absorber in cm. Pb 

FIG. 120. Transition curve of penetrating showers. Janossy and Rochester* 
From Proc. Roy. Soc. A, 183, 183. 

The transition effect up to 10 cm. Pb can be represented fairly 
accurately by the following analytic expression (full curve, Fig. 120) : 
< 1 = 049+0-29(1 -exp(-z/o; )}, (4) 

where x is the thickness of the absorber and 

X Q = 4-5 cm. of lead 

= 51 gm. per cm. 2 (5) 

612. The transition effect has been observed up to large thicknesses 
of absorber (Table 2, Janossy and Rochester (19436)). 

TABLE 2 



Thickness of absorber T in cm. Pb 








10 


15 


45 


Kate of coincidences under 


0-53 


0-82 


0-85 


0-69 


T cm. of lead 




\ 






Increase of rate above 





0-29 


0-32 


0-16 


background rate j 
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It is seen that the rate of coincidences decreases for large thicknesses 
of absorber. 

The decrease shows clearly that the penetrating showers are produced 
in the top layer of the absorber T only. 

The two terms in (4) have a simple significance. The constant term 
represents yie background due to showers coming from the air and the 
second term represents the showers produced in the absorber above 
the counters. It will be seen in 621 that the showers produced in T 
result from single particles and are not accompanied by air showers. 
The background coincidences on the other hand are always accompanied 
by extensive air showers. It seems that these two types of shower have 
rather different properties (Janossy and Broadbent, 1947). 

The showers produced in the absorber will be called 'local pene- 
trating showers' or simply 'penetrating showers', while the term 'exten- 
sive penetrating showers' will be used for the showers contributing to the 
background. 

Nature of the primaries of local penetrating showers 

613. It is seen from equation (4) that the range of the primaries 
producing local penetrating showers is equal to X Q , i.e. 4-5 cm. of lead. 
Expressed in cascade units we have 

t x Q 8-5 cascade units in lead. (6) 

Using the arrangement of counters shown in Fig. 121 Janossy and 
Rochester (19436) found that the primaries of the local penetrating 
showers consist of both ionizing and non-ionizing particles. 

Sevenfold coincidences ^ 7 and anticoincidences < & 1 A were recorded. 

The absorber T was surrounded on five sides by the anticoincidence 
counters A, Anticoincidences ( & 1 -A were therefore caused mainly by 
non-ionizing primaries which were absorbed in T, giving rise to pene- 
trating showers. 

614, The rate of anticoincidences did not decrease noticeably when 
a lead absorber 5 cm. thick was placed above the anticoincidence 
counters. This observation shows clearly that the penetrating showers 
are not due to photons. Photons would either be absorbed in a layer 
of 5 cm. of lead or else would give rise to ionizing particles. The 
probability of photons traversing 5 cm. of lead and arriving unaccom- 
panied on the bottom is negligibly small. Therefore anticoincidences 
due to photon-produced showers would be completely cut out by 5 cm. 
of lead. 
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This observation, together with the observed value of the mean free 
path x of the primaries giving rise to penetrating showers, shows clearly 
that the penetrating showers are not produced by the soft component. 



Lead 




FJ<;. 121. Anticoincidence arrangement for the observation of penetrating 
showers. Jdnossy and Rochester. From Phys. Rev. 64, 348. 

615. Assuming an absorption coefficient a for the non-ionizing 
primaries the rate of anticoincidences can be estimated as follows. 

An anticoincidence f if 7 -A is only recorded if the non-ionizing primary 
succeeds in traversing the absorber 2 placed above the anticoincidence 
counters A, without encounter. If the thickness of S is y, the proba- 
bility that a primary is not absorbed in 2 is e~ ay . 

In order to give rise to a penetrating shower in T the primary has to 
be absorbed in T. If the thickness of T is x, the probability that the 
primary is absorbed in T is 1 e~ n<r . The probability of observing an 
anticoincidence is therefore proportional to 

Probability (& 7 A) ~ e~v(l e~ x ). (7) 

616. It is found that the rate of anticoincidences ^ 7 A, although 
only slightly affected when increasing 2 from to 5 cm. of lead, was 
considerably reduced when y was increased from 5 to 35 cm. of lead. 

The observations can be interpreted by assuming that part of the 
local penetrating showers are due to non-ionizing primaries with ranges 
exceeding *5 cm. of lead. 

It appears that the range of the non-ionizing primaries is somewhat 
larger than that of the ionizing primaries discussed in 611. The 
difference between the two ranges is, however, inside the experimental 
uncertainty and may not be real. 
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It is therefore concluded that the local penetrating showers are pro- 
duced by ionizing and non-ionizing primaries, both types of particles 
being more penetrating than electrons or photons. 

617. From the geometry of the arrangement the absolute intensities 
of the primaries can be estimated. The following orders of magnitude 
are found: ^1) The non-ionizing primaries represent about one-third of 
all primaries. (2) The intensity of all primaries is of the order of 
1/10,000 of the total cosmic-ray intensity. 

The barometer effect 

618. Closely connected with the transition effect of penetrating 
showers is the barometer effect. Consider an increase db of the atrno- 



i primary 



air layer 
equivalent 
to absorber 




recorder of 
penetrating 
showers 

FIG. 122. Showers produced in equivalent layers of air and lead. 
From Proc. Roy. Soc. A, 183, 191. 

spheric pressure b, corresponding to an increase in the mass equivalent 
of the atmosphere of 

= l^^m^ db 

76 cm. Hg v ' 

During the period of higher pressure, primaries which would have been 
normally absorbed in the top layer of the absorber (Fig. 122) are now 
absorbed somewhere in the atmosphere between the pressure levels b 
and b+db. Because of the low density of air the height difference 
between the two levels is rather large, and the showers produced near 
the pressure level b will diffuse before reaching the apparatus at the 
level b-\-db (see Fig. 122). Roughly speaking, only those primaries will 
be capable of discharging the recorder which can penetrate to the level 
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b-\-db. Thus the decrease of penetrating shower intensity due to 
increase of air pressure is equal to the rate of absorption of the primaries 
in air. 

619. Janossy and Rochester (19446) found for the barometer coeffi- 
cient of penetrating showers 

r pg 12 per cent, per cm. Hg. f (9) 

This barometer coefficient is equivalent to a mass absorption coeffi- 
cient of the primaries of 

a -- 1/113 gm. per cm. 2 (10) 

This value is a little smaller than that expected from the transition 
effect (611). 

The absorption of the primaries was measured directly by measuring 
the intensity of penetrating showers at different heights. Braddick and 
Hodson (1947) (private communication) recorded penetrating showers 
with an arrangement similar to that shown in Fig. 117 up to about 
10 km. height; they found an absorption coefficient in agreement 
with (10). 

A similar value for the absorption coefficient was obtained by Tinlot 
measuring the intensity of penetrating showers at 5 and 10 km. above 
sea-level. (See Rossi (1948).) 

Penetrating non-ionizing rays 

620. Observations of penetrating non -ionizing rays have been re- 
ported in 295-6, Ch. IV. The radiation investigated in those experi- 
ments appears to have a mean free path comparable with the primaries 
of penetrating showers. It is therefore plausible to assume that the 
two radiations have the same nature. 

On comparing the absolute intensities it is found that the non- 
ionizing radiation discussed in Chapter IV has an intensity of about 
1/700 of the sea-level intensity. The non -ionizing radiation giving rise 
to penetrating showers is estimated to have an intensity equal to about 
1/30,000 of the sea-level intensity. 

In spite of the discrepancy of intensities the two radiations may have 
the same nature. 

Only primaries with energies sufficient to produce penetrating showers 
containing several particles are recorded in the experiments described 
in 613-15. The arrangement of Chapter IV was sensitive to those 
non-ionizing primaries with secondaries of more than 5 cm. Pb range. 
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It is clear that the latter arrangement was sensitive to a considerably 
larger part of the spectrum of non-ionizing particles. 

The difference in the two intensities can thus possibly be accounted 
for by the different sensitivities of the two arrangements. 

(b) Extensive Penetrating Showers 

621. At the time of writing of the first edition of this book the role 
of penetrating extensive air showers was not understood. It has become 
abundantly clear since that the bulk of these showers are just extensive 
air showers; though extensive air showers probably do contain some 
mesons (Rogozinsky (1944)), these do not seem to contribute to the 
meson component to any appreciable extent, and the bulk of the 
penetrating particles occurring in extensive air showers may not be 
mesons at all. 

622. The fact that extensive air showers contain particles more 
penetrating than electron cascades had already been pointed out by 
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P'IG. 123 a. Transition effect of extensive penetrating showers. 
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FIG. 123 6. Transition effect of local penetrating showers. 
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Auger after preliminary investigations (compare 565). The fact that 
all extensive showers contain penetrating particles was strongly empha- 
sized by Cocconi, Loverdo, and Tongiorgi (1943). 

The mode of production of penetrating particles in air showers is 
essentially different from the production of local penetrating showers 
as was demonstrated by Broadbent and Janossy (1947). \Ve describe 
these experiments briefly: 

A penetrating shower set P, similar to that shown in Fig. 117, was 
connected with a counter tray E of 3,500 cm. 2 area nearby. Both 
coincidences (E, P) and anticoincidences (EP) were recorded. The 
rates of coincidences and anticoincidences as functions of absorbers T 
placed above P (but not K) are shown in Figs. 123 a and b. It is seen 
that the coincidences (P, E) which are caused by extensive showers, 
show a transition effect in lead very much like cascade showers. The 
anticoincidences (P~E) are caused by showers which do not discharge 
the large tray E\ these showers show a mass proportional transition 
effect when comparing lead and paraffin. From the striking difference 
of the transition effects (P, E) and (P E) it was concluded by Broad- 
bent and Janossy (1947) that these transition effects are caused by 
essentially different processes. 

623. The spread of the extensive showers recorded by coincidences 

(P 3 E) is indicated by the following Table 3. 



TABLE 3 





(P) 

No 


(P E} 


Kate per hour 


absorber T 
above 
top tray 

0-1,5-1 0-0 1 


distance from, P to K 


f> m. 
0-11 | 0-01 


3 m. 


10m. 


(MO-iOOl 


0-08(>01 



624. In Table 4 we give coincidence rates between P, an unshielded 
extension E, and an extension S. S was split into two sections S l an 
and shielded by 15 cm. Pb. 

TABLE 4 

(From Janossy, Rochester, Broadbeiit (1945)) 





PE 


(P, E, -S) 


(P, E, S) 


(P> 


E, S, S,) 


Rate per 1,000 


240 


1008 


244 


113 
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B. THEORY OF MESON PRODUCTION 
1. Theory of Hamilton, Heitler, and Peng (1944) 

625. The most far-reaching attempt of interpreting the production 
of mesons is due to Heitler and various co-workers. The theory is de- 
scribed briefly in Chapter III. The collisions between fast nucleons are 
treated with* the radiation damping method proposed by Heitler (1941). 
The coupling constants are taken from the M011er and Rosenfeld (1940) 
theory. The theory was proposed before the discovery of the 7T-meson 
and it is assumed that both charged and neutral mesons occur; also it 
is assumed that two types of mesons are emitted by nucleons: (1) the 
pseudo-scalar meson with spin and (2) a vector meson with spin 1. 
The various types of mesons are introduced on purely theoretical 
grounds, as explained in Chapter III; experimental evidence has been 
obtained for a charged meson only. The spin of the observed meson is 
probably (see Chapter VI), though a spin ^ would also be compatible 
with observations. 

Both the discovery of the 7r-meson and the realization that the 
/x-meson is not directly connected with nuclear forces makes certain 
modifications of the theory of Hamilton, Heitler, and Peng necessary. 

It must be supposed that only 7r-mesons are emitted directly (see 
Appendix III), these Ti-mesons decay soon into ju,-mesons. It was sug- 
gest t ed that the neutral 7r-mesons have an extremely short life-time, after 
which they decay into two photons (or two electrons). The neutral 
mesons might thus be responsible for the electronic component of 
penetrating showers. 

The production of mesons by photons which was considered in detail 
by Hamilton and Peng (1944) should give a relatively unimportant 
contribution to the bulk of the mesons; this process may, however, be 
of some importance in air showers. 

2. Qualitative Description of Meson Production and 
Penetrating Showers 

626. A primary proton entering the atmosphere is assumed to 
collide with nucleons inside atomic nuclei and thus to give rise to the 
emission of mesons. According to the theory described above it is 
expected that both neutral and charged 7r-mesons are emitted. The 
transverse meson decays almost immediately and produces an electron 
component, while the pseudo-scalar mesons form the hard component 
of cosmic rays. 
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(a) Spectrum 
Mesons 

627. The mesons produced by the primary protons are likely to have 
a spectrum similar to the primary spectrum. Therefore it must be 
assumed that the primary spectrum is a power spectrum with an 
exponent of the same order as that of the spectrum deduced from the 
absorption curves and from the momentum measurements near sea- 
level. 

A nucleon is, however, assumed to lose its energy in a number of 
successive collisions, therefore the average energy of the mesons is a 
fraction of the average primary energy. This result of the theory of 
meson production is in agreement with the qualitative conclusions 
arrived at in 528 from the analysis of the geomagnetic effects. 

628. The fact that the meson spectrum near sea-level can be ac- 
counted for in terms of meson production cannot be regarded as 
evidence for the theory of meson production, as any meson spectrum 
could be accounted for by assuming a suitable primary spectrum. 

Independent evidence for the theory is, however, obtained by con- 
sidering the latitude effect of the meson component. With decreasing 
latitude a correspondingly decreasing part of the primary spectrum 
remains effective (see Ch. VII). The change of meson intensity with 
latitude can thus be derived from the spectral distribution of the 
primaries. In a more detailed calculation it was shown by Heitler'and 
Walsh (1945) that it is possible to account at the same time for both 
the latitude effect and the meson spectrum at sea-level. 

Electrons 

629. A considerable part of the soft component at high altitudes can 
be accounted for in terms of decay electrons of the neutral mesons. 
Whether or not such an interpretation of the soft component at high 
altitudes is compatible with the east-west asymmetry needs further 
investigation. The high-energy part of the electron spectrum which is 
thought to be responsible for the extensive air showers can only be 
accounted for in terms of the decay electrons of the transverse mesons 
provided the life-time of the neutral meson is sufficiently short. 

From the analysis of extensive showers it seems that there are elec- 
trons (or photons) of 10 10 MEV. near the top of the atmosphere. The 
decay range of neutral mesons increases in proportion with energy owing 
to the relativistic effect (see 321); thus to give rise to 10 10 electrons 
high up in the atmosphere, the decay of 10 10 MEV. neutral mesons must 
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still be appreciable, i.e. their decay range must not be larger than, say, 
1 km. Assuming for the rest-energy of the neutral meson 100 MEV., 
this gives the following condition : 

or / (7r ) 3X10-" sec. 

Thus the expensive air showers at low altitudes can only be accounted 
for as arising from the decay of neutral mesons if the life of the latter 
is less than 3 X 10~ 14 sec. Nothing is known experimentally either about 
existence or possible properties of a neutral 77-meson. 

(6) Penetrating Showers 

630. Penetrating showers of the type shown in Plate 4, which con- 
tain a few penetrating particles coming from a common origin, can be 
accounted for in terms of collisions of a nucleon with a nucleus of the 
absorbing material above the chamber. 

631. The cross-section for nucleon-nucleus collision is of the order 
of the geometrical cross-section of the nucleus involved. 

The geometrical cross-section of a nucleus with weight number A is 
according to Heisenberg (1937 a) 

r^~0-53(e 2 /w e c 2 ).4*. (11) 

The cross-section of a lead nucleus is therefore approximately 

<p pb = 77^ = 2-4. 10~ 24 cm. 2 (12) 

Thus the mean free path of a fast nucleon in lead is 

A 



The above estimate is very rough and refers to the orders of magni- 
tude only. There are two sources of error we may mention. Firstly, the 
cross-section is increased by the fact that each nucleon has its 'sphere 
of action' and therefore a fringe should be added to the nucleus. This 
effect was discussed by Janossy (1943). The mean free path of high 
energy nucleons for the fringed Pb nucleus was found to be considerably 
smaller than the value given in (13). Secondly a nucleus may to some 
extent be transparent, particularly for not too high energy nucleons; 
this effect tends to reduce the effective cross-section. Incidentally, 
these effects make the cross-sections increase with increasing energy. 

(c) The Origin of the Fast Nucleons near Sea-level 
632. It remains to discuss how fast nucleons are able to reach sea- 
level/ 
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The rate of loss of the nucleons in air must be large, since the observed 
height of formation of the bulk of the meson component is so great. 
The theory of meson formation also predicts cross-sections so large 
that most of the primary nucleons must be absorbed in the upper part 
of the atmosphere. 

Considering average energy loss, only the most energetic nucleons, if 
indeed any, can reach sea-level. The bulk of the observed penetrating 
showers contain, however, only a few particles and it is therefore not 
likely that the nucleons near sea-level have very high energies. 

633. The presence of nucleons of relatively low energy can be ac- 
counted for in terms of fluctuation of energy loss (Janossy, 19446). 

Assume that the cross-section O for the total absorption of a nucleon 
depends only slightly upon the energy of the nucleon. Then the 
probability of a nucleon reaching sea-level without collision is given by 

exp(-0 /a), (14) 

where a = A^/N (15) 

and is the mass equivalent of the atmosphere. The total number of 
nucleons reaching sea-level is therefore 

* ff - 9 

4>a-ievei = M, f exp(-0 /a cos#)sin# d & /o~ 

o J a 

where / == 27r/ is the rate of nucleons per cm. 2 and per min. on thq top 
of the atmosphere. 

The intensity of nucleons at sea-level can be estimated from the 
transition effects described in 611. Using an arrangement with a 
collecting area of about 1,000 cm. 2 the rate of penetrating showers 
produced in an absorber T was 0-2 per hour, or 

J. 10~ 5 per min. per cm. 2 (17) 

Assuming 7 30 per cm. 2 per min. (compare 419) it follows from 
(16) and (17) that ^ = ^ {lg) 

or with the help of (15) 

O = 4-1.10- 25 cm. 2 (19) 

The nucleons reaching sea-level can thus be assumed to be primary 
nucleons which, by chance, have escaped collisions with atomic nuclei. 

We note that the experiments of Schein, lona, and Tabin (1943) and 
those of Regener (1943 b) also indicate that the mesons are produced by 
primaries with cross-sections of the same order as the size of atomic 
nuclei. 
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3. Conclusions 

634. The mean free path (13) is of the same order as that observed 
for the primaries of penetrating showers (see eq. (5)). It is therefore 
reasonable to assume that the primaries of the penetrating showers are 
nucleons. 

It was shown in 613-15 that penetrating showers are due to both 
ionizing and non-ionizing primaries. It is therefore reasonable to assume 
that these primaries are protons and neutrons. The theory of meson 
production leads in fact to the result that at sea-level both neutrons and 
protons will be expected even if it is assumed that the primary beam 
consisted of protons only. Protons in the process of emitting mesons 
may change over into neutrons and vice versa. A beam of protons will 
therefore soon change into one containing both neutrons and protons. 

It can thus be concluded that the production of mesons both at high 
altitudes and at sea-level can be accounted for by assuming ionizing 
and non-ionizing primaries which are absorbed with a cross-section of 
the same order as the geometrical cross-sections. 

This process can be interpreted in terms of the production of mesons 
in the collision between fast nucleons. The theory of this process as 
developed by Heitler and Peng (1944) and others is in qualitative 
agreement with all relevant observations. Compare in particular Heitler 
and Janossy (1949 a, b). 

635. No detailed interpretation of the extensive penetrating showers 
can be given. It is, however, likely that the extensive air showers are 
large cascades and that by some process a small number of penetrating 
particles are formed by the electrons or photons of the cascade. The 
bulk of the hard component cannot be assumed to be produced in large 
cascades as it was shown in Chapter VII that the meson component 
cannot be assumed to be secondary to the soft component. 



APPENDIX I 
STATISTICAL TREATMENT OF OBSERVATIONS 

636. COSMIC-RAY research frequently involves a knowledge of statistics; 
it is often not easy to distinguish between the significant features of a 
set of results and those which are due to chance. 

Consider as an example two sets of observations. In the first set n 
coincidences are observed during an interval t l9 while in the second set n 2 
coincidences are observed during an interval t 2 . The observed quantities 
are the counting rates 

S 1 =z n 1 /t 1 and E 2 = n 2 /t 2 . (I) 

We consider the question whether the difference 

E I ~E 2 = ^R (2) 

can be regarded as significant. 

637. Whatever the numerical values of the rates B and R 2 , any 
difference might be due to fluctuation and therefore it can never be 
concluded with certainty that a difference is significant. It is only 
possible to give the probability that a difference is or is not due to 
fluctuation. 

For practical purposes an arbitrary limit has to be chosen as to how 
improbable a thing will be accepted. Sometimes fluctuations wjth a 
probability less than 1/16 are excluded as unlikely. This is, however, 
a very dangerous practice as it leads to a wrong conclusion once in 
sixteen cases. It is safer to exclude fluctuations with probabilities less 
than 1/370, but it must be emphasized that even this limit is by no 
means generous. The number of cosmic-ray observations published 
goes into thousands and therefore even excluding fluctuations of 1/370 
many wrong conclusions must have been arrived at. 

A. DISTRIBUTION FUNCTIONS 

A short mathematical survey is given in section A of the more 
important properties of some statistical distributions. In section B 
applications to experimental results will be discussed. The present 
section A is not essential for the understanding of the following section 
and it can be omitted by the reader. 

1. The Poisson Distribution 

638. Consider independent events taking place at random. To fix 
ideas consider cosmic-ray particles falling on a counter. Assume the 
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average number of events in a period t to be p. The probability P that 
during a particular period of observation n events take place will be 
determined. Subdivide the interval t into a large number N of sub- 

intervals dt = tjN. (3) 

The probability that an event takes place in any given interval dt 

can be takeA as ,, . . , A . 

pdt/t] (4) 

while the probability that no event takes place during dt is given by 

l-pdt/L (5) 

The probability of more than one event taking place in the interval dt 
is of the order of dt z and will be neglected. 

If n events occur during the total interval t , it can be assumed that 
one event takes place in each of n specified intervals dt, while no event 
takes place in any of the remaining N~ n intervals. The probability 
that the events happen in the n given intervals is 

(pdt/t) n (l-pdtlt) N ~ n . (6) 

The total probability of n events taking place is obtained by summing 
(6) over all different combinations of n intervals which can be picked 
out from the total of N intervals. The number of these combinations is 



N\In\(N~n)\ = 
Witn help of (3), (6), and (7) it follows that 



n _ 



For the limiting case N -> oo and n/N -> 0, 

P(p 9 n) == e-*>(p n /n\). (8) 

The function P(p, n) is the Poisson distribution. 

639. With help of (8) we introduce as a moment generating function 

X(x,p) = I e^P(p 9 n) = exp[(e*-l)i>]. (9) 

=o 

From (9) the following expressions are obtained : 

Wl>)= iP(p,n) = l; (10) 

n=0 

further <n> = f nP(p, n) = f ^ log X\ =p (II) 

n=0 \^aJ Jx=Q 



and <(n-< W ^> = 2 (n-<n^P(p,n) = -- = P- (12) 
n=0 \ OX /x=0 
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Expressions (11) and (12) give the mean value and the mean square 
deviation of n. Sometimes use will be made of the root mean square 
deviation, which is given by 



640. An important property of the Poisson distribution which might 
have been taken as an alternative starting-point will now 'be derived. 

Consider two series of random events. The average number of the 
one type of event in a fixed interval is p v and the average number of 
the other type of event is p 2 . It will be shown that the total number of 
events is on the average p^-Yp^ and the distribution is Poissonian. 

As a physical example take the case of cosmic rays with an average 
rate of p l superimposed on to a background of p 2 radioactive particles. 
The total number of particles will obviously obey a Poisson distribu- 
tion as the radioactive particles are just as independent of the cosmic- 
ray particles as they are independent of each other. The problem is 
then to determine mathematically the result of the superposition of two 
Poisson distributions. Thus we consider the probability that n' events 
of the one type are taking place and n" events of the other type are 
taking place, with 

n'+n" = n. (14) 

The probability of a total number of n events is 

P(pi,P*,n)= I P( Pl ,n')P(p 2 ,ri'). (15) 

ri+n"=n 

With help of (9) 

X(p lf x)X(p t ,x) = f e* P(pvn')P(p t ,n') = f e*P( Pl> p t ;n). 

nQ n'+n"=n n=0 

(16) 



Further X(p v x)X(p^ x) = X( Pl +p 2 , x) (17) 

and thus the generating function of P(pi,p&n) is simply X(p l -\-p^x) 1 
i.e. the generating function of P(pi+p 2 > n )- Thusf 

P(Pi,P*,n) = P(Pi+P*in) (18) 

as was stated above. 

641. For some applications the distribution of a difference is of 
importance. Consider now two series of random events, one having 
an average of p l and the other p 2 . Let us find the probability that the 
one type of event occurs ri times while the second type occurs n" 
times so that 

n' n" = n. (19) 

f It is assumed that the generating function determines the distribution uniquely. 
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Write for the final probability 

Q(Pi>Pz'> n ) 2 P(Pi> n ')P(P2> n ")- (20) 

n'n*=n 



Define the generating function as Y(p v p 2 ;x) == ^ e 

00 

Then, with Velp of (9), (20), and (21) 

Y(Pi,Px) - X(p v x)X(p 2 , -x). (21) 

i + F 

Note that . I e~ mx Y(p v p 2 ]x) ax = Q(p v p 2 ]m). (22) 

277* J 

ITT 

And therefore, with help of (9) and (21), 

+ 17T 

! dx. 



r 

J 



Inserting e x = i^/(jP2/Pi)> z "^ ^\(PiP^)^ ^ IQ right-hand integral can 
be expressed in terms of Bessel functions with imaginary argument 
(Watson, Bessel Functions, 2nd ed., p. 20, eqn. 4, and p. 77 for definition 
of J m (2)). We have 

//T) \|Wl 

(23) 



The case p = p 2 = p is of interest. We have 

Q(p,p,m) = I m (2p)e-*. (24) 

2. T/ie Gaussian Distribution 

(a) Asymptotic Representation of the Poisson Distribution 

642. The Poisson distribution P(p,n) has a strong maximum in the 
vicinity of p ~ n. If p is not an integer, then the most probable value 

of n is given by r n 

* J 



where [p] stands for the largest integer less than p. If p is an integer, 
then p and p 1 are equally probable. It will now be shown that the 
Poisson distribution in the neighbourhood of p Q can be represented in 
good approximation by a Gaussian distribution provided 

8n = ^p^> 1. (26) 

Write n = p Q +h. (27) 

With help of (8) and (25), 
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And therefore 

log{P(p,p Q +h)} = 



A similar expression can be obtained for logP(^p,^ h). 
Neglecting terms in (h/p) 2 



Po 

= p-[p]. 

Introduce a new variable 



and we have P(p,n) ~ const. exp( z 2 /2p Q ). (31) 

The right-hand side of (31) has the form of a Gaussian distribution. 
The constant can be most easily determined by the normalization 
condition. The probability of finding n inside an interval dz, where 

1 <dz <^ } , (32) 

is given approximately by 

n+ldz 

T P(p,n)~P(p,n)dz. 

n-ldz 

+ f 

Therefore 1 = 2 P(p> n ) ~ const. e~ z I 2p dz. 

CO 

The error which arises from putting the lower limit oo is negligibly 
small. Using the known value of the right-hand integral it follows that 

const - = //o - \> ( 33 ) 



and thus the following asymptotic representation is obtained : 



(b) Error Integral 
643. Assume G(K,Z) = . l e-*l** 9 . (35) 

2 



and further that 0(/c, z) dz is the probability of finding a deviation in 
the interval z,dz. For practical purposes it is important to find the 
probability that a deviation exceeding z takes place. 



643] STATISTICAL TREATMENT OF OBSERVATIONS 371 

The probability of absolute deviation > z is 



00 

A J 



-*' dy = E{zM& K *)}. (36) 



0/VC2/C 2 ) 

The last expression (36) is known as the error integral. A few numerical 
values are opllected in the following table. 



Z/K 


Probability of deviation > z 

= {z/V(2/c 2 )} 


0-674 


0-5 


1 


0-32 


2 


0-046 


3 


1/368 


4 


1/16000 


5 


1/1-8X10 8 



K is called the standard deviation. We see that deviations exceeding 
three times the standard deviation are rare. 

We note that the probability of a deviation exceeding 

K = 0-674* (37) 

is equal to |. This deviation is called the mean deviation. It is useful 
to express deviations in terms of either the standard deviation or the 
mean deviation 0-674/c. It is irrelevant whether deviations are expressed 
in erms of mean deviation or standard deviation. It is, however, 
important to state clearly which definition is being used. In this book 
standard deviations have always been used. 

644. For the investigation of the properties of the Gaussian distribu- 
tion it is useful to introduce the Laplace transform of the Gaussian. 
The Laplace transform plays the role of the 'generating function' 
introduced in 639. +00 

Introduce -2k(A,ic) = f #* *\* '* dz = e Aa 2 / 2 . (38) 

J vv 2 ) 



The mean square deviation becomes 



(compare 639). 

(c) Superposition of Gaussian Distributions 

645. Consider a quantity which is subject to Gaussian fluctuations 
due to a number of different and independent causes. The probability 
that the quantity shows a deviation between z l and z l -\-dz l due to the 
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first cause, a deviation between z 2 and z 2 -fd2 2 due to the second cause, 
and so on is given by the product of the probabilities of the individual 
deviations. The probability is thus 

1 

-...dz l dz 2 ..* . 

Let us determine the probability that a given linear combination of the 
deviations 

Z = A l z l +A 2 z 2 +...+A n z n 

has a value between Z and Z-\-dZ. 
The probability for this to happen is 



f f 

H 



r* A - (39) 

Introducing the Laplace transform of (39), we find 

CO 

f e* z G(Z) dZ = e A2 ^W+^*!-h.)/2. (40) 

o 

The right-hand expression is the Laplace transform of the Gaussian 
with the standard deviation (see (38)) 



+...). (41) 

Thus the distribution of Z is a Gaussian distribution with the standard 
deviation given in (41). 

In particular the sum and the difference of two quantities both show 
Gaussian distributions, provided the quantities themselves have Gaus- 
sian distributions. The standard deviation of both sum and difference 
is given by 

* - V(*i+*|). (42) 

3. The P -distribution 

646. Let us determine the probability that the sum of the squares 
of N subsequent deviations x l9 x 2 ,...x N of a quantity is between u 2 and 
u 2 -\-du 2 ', that is the probability that n deviations x v x 2 , ...,x n take 
place so that 

u 2 < x\+xl + ...+x 2 N < u 2 +du 2 . (43) 

The probability for any N deviations x i is given by 



__... J dx 1 efc, ... dx N . 
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Therefore the probability of N such deviations which satisfy the condi- 
tion (43) is given by 

I> 2 ) du 2 = (2 J 2) ^ J ... J e~<* <- +* dx, ...dx N . (44) 



To evaluate* the probability (44) take the Laplace transform of T/2u 
with respect to u 2 



? 

= J 



-/cw N 

*. - 



o o 

From a table of Laplace transforms we find thus 



(46) 



and therefore (46) gives the required distribution. 

647. Note the following properties of the F-distribution. 
1. The maximum of the distribution lies at 



(47) 



= J r(tt) du = (ilog & r /^ o = 



For N = I the maximum of the distribution lies at u 2 = 0. 

2. The average value of u 2 can be obtained from (45) by differentia- 
tingtwith respect to A. We find 

o . (48) 

Finally, the mean square deviation of u 2 becomes 

<(t ,2_ < ^2 >) 2 > = K (log r/2u )\ = 2 ^ 4 . (49) 

l^ ) A=o 

For large ^V the F-distribution in the vicinity of its maximum can be 
approximated by a Gaussian distribution. 

4. Bayes's Theorem^ 

648. A distribution D(p,ri) defines the probability of observing a 
value n when the average value is p. In practice, however, p is unknown, 
and the value of p has to be estimated from the observed value n. 

f Objections to the use of Bayes's theorem have been raised. Different treatments 
are given, for example, by A. V. Fisher. 
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According to a theorem due to Bayes the probability of p being found 
in an interval p, dp is given by 

D(p,n)f(p)dp, (50) 

where f(p) is a slowly varying function of p. The function /(j>) cannot 
be determined and therefore the statement has a certain ambiguity. 
In all practically important cases, however, D(p,n) has a tfliarp maxi- 
mum in the neighbourhood of p = n and it is possible to assume that 
f(p) does not change appreciably in this region. It is therefore usual to 
remove the ambiguity by assuming 

f(p) ~f(Po) = const. (51) 

The ambiguity due to the function f(p) seems to be an essential 
feature of the statistical method and, presumably, it cannot be removed 
at all. 

649. The inverse distribution corresponding to the Poisson distribu- 
tion is 

P(p, n) dp = e-v?~ dp, (52) 

where p is regarded as the variable. The distribution (52) is normalized. 
It is interesting to calculate the average value of p for a given n. From 
(52) it follows that 

<py = j P(p,n)dp = n+l. (53) 

In particular for n = 0, <j?> 1. No great weight can be attached to 
the actual numerical value <y> thus obtained, but it is significant that 

< > for n = 0. (54) 

Physically this means that if no count is observed in a given period, it 
cannot be concluded that the average rate is zero; the only conclusion 
to be drawn is that the average rate is small. In fact, with an average 
rate of 1, the probability of having no count is appreciable. 

(54) should be compared with the ordinary Poisson distribution. If 
the average rate is known to be zero, no value but zero can be observed. 
Therefore for the ordinary Poisson distribution 

<n> = for p = 0. (65) 

650. Further, for the inverse Poisson distribution 

Sp = J(n+l). (56) 

It can be seen easily that for large values of p and n the inverse 
Poisson distribution is very similar to the ordinary Poisson distribution. 
(Of course the one distribution is discrete while the other is continuous.) 
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B. THE ANALYSIS OF OBSERVATIONAL DATA 
1. Single Observation 

651. If n counts are observed during a time t, then the observed 

rate is ., /e? . x 

E = n/t. (57) 

The standard error of n is 

9 Sn = Vn (n > 1). (58) 

Thus using the numerical values of the table on p. 371, and with help 
of the considerations of 648, it follows that 

(1) there is a probability of 68 per cent, that the average number 
p is inside the interval 

n\In, n-\-*Jn; (59) 

(2) the probability of p being outside the interval 

n 3vW, n+3Vft 
is only ^ of one per cent. 
Therefore the average rate ft, which can be defined by 

V - p{t 9 (60) 

is likely to be inside the interval 



But* the rate ^ is unlikely to be outside the interval 



2. Observation of a Difference 
652. Consider two rates 

E l = n^ and J 2 = n 2 /t 2 . (61) 

Assume ^i~ ^2 = r >0. (62) 

If 7^ and n 2 are sufficiently large it can be assumed that they obey a 
Gaussian distribution. Further from (34) and (41) it is concluded that 
the standard error of r is given by 



= /fe+5- 1 

A/ I / 2 / 2 

V W h t 



(63) 

If r > 38r, (64) 

then the probability of the correct value of r being zero or negative is 
less than 1/740. (Note that the values of the table on p. 371 refer to both 
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tails of the Gaussian: 740 == 2x370.) Thus if the condition (64) is 
satisfied it is safe to conclude that the rate 



is significantly greater than the rate 



In planning experiments it is often of importance to estimate beforehand 
how long a period of recording will be required to establish a difference 
between two counting rates. 

Assume that two rates R l and jf? 2 have a ratio 

RJR?.^ 1+h. 

To establish the difference R 1 ~ R 2 = r we must have 

Sr/r~-L /^<J (B~R 1 ~R a ), 
Krl q t 

and thus the estimated time of observation is 

2t = 36/WR. 

For instance, for 7* = 0-1 2t = 3600/.R, 

thus 3600 counts are necessary to establish a difference of about 
10 per cent. 

653. If the condition (64) is just fulfilled then the difference between 
the rates can be assumed to be significant, but the actual magnitude 
of the difference remains very uncertain. In order to determine the 
magnitude of the difference r it is necessary to have 

r > 3Sr. 

If it is desired to determine the difference between two very different 
counting rates, the question arises of how to divide the time of observa- 
tion between observing the two rates. The best choice is obviously 
the one which makes (63) a minimum for ^+^ 2 ~ const. We find 8r 
attains a (flat) minimum for 

tjt 2 = V(^W)- (66) 

Thus more time should be spent in measuring the faster rate than in 
measuring the slower rate. 

3. Series of Observations 

(a) Counting Rate 

654. When determining a counting rate #, a number of independent 
readings may be taken. During a number of periods t l ,t 2 ,...,t N the 
counts recorded are n v n 2 ,...,n N . The rates during these periods are 
S l = n^t^ etc. The best value for the rate is an average of the* rates 
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JB V etc. It can be shown, however, that the most significant combina- 
tion of the readings is obtained when they are taken together as one 
reading. Thus the most significant value for the rate during the whole 
period is given by 



E - 8i'i 

*i+t*+t*+-+t N ' ( ' 

$ 

It is seen from this result that no direct advantage is gained by 
subdividing a longer interval into a number of shorter intervals. 

The subdivision of a long period of readings into a number of smaller 
periods has, however, the advantage that from an inspection of the 
individual rates B l9 B 2 , etc., it can be established whether or not these 
readings are consistent. Large fluctuations of the single readings show 
that the radiation intensity is subject to systematic fluctuations during 
observation. 

(b) Fluctuations of a Series of Observations 

655. The fluctuations of a number of readings 

n^n^..,n N 
will now be considered. 

Assume that the readings n v etc., are the numbers of coincidences 
recorded with one arrangement in subsequent periods of equal duration. 
The results will be illustrated with help of the table at the end of this 
appendix containing observational results of Duperier.f 

Normal fluctuation 

656. If the radiation intensity remains constant during the time of 
observation, then the individual readings will fluctuate according to a 
Poisson distribution. If the values ofn are sufficiently large, the Poisson 
distribution can be replaced by the corresponding Gaussian distribution. 

Introduce the mean of the N readings, that is 

* = % 2 n *- 

i=l 

Further, introduce the quantity 

* 1 = 3^ 2 <<--*>*' 

which is $ measure of the fluctuation of the values n it If the values HJ 

t We are very much indebted to Prof. A. Duperier for communicating the records 
collected in Table 4. 

J We divide by jV-1, and not by N, as only N-l of the N quantities n i ~n are 
independent. 
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show a normal distribution, that is if their fluctuation obeys the Poisson 
law, then ^ ^ - (69) 

More precisely, in determining the values of /c 2 from a large number 
of similar series, it is expected that the individual values of /c 2 will be 
distributed according to a T -distribution. The average value of /c 2 
should be given by * 

<K 2 > == n (condition for normal fluctuation), (70) 

and the standard deviation of the /c 2 's will be 

(71) 



The equation (70) holds only if the distribution of the T^'S is normal, 
while (71) holds if the nja show any Gaussian distribution. 

657. The quantity K 2 can be determined numerically from (68) for 
any given series of N readings. The difference 

A/c 2 EE K*-n (72) 

has to be regarded as the fluctuation of K 2 provided that the n^s have 
a normal distribution. The probability of finding a deviation A/c 2 
depends on the ratio 



If the T-distribution is replaced by a Gaussian distribution the 
probability of a fluctuation equal or larger A/c 2 is equal to 

JS(r/V2). (74) 

658. If the probability (74) is of the order of one, or at any rate not 
very small, then the hypothesis that the n t values fluctuate according 
to the Poisson law is reasonable. If, however, the probability (74) 
becomes very small, then it must be concluded that the n t 9 s do not 
show a normal distribution. Usually the fluctuation of the n^a, if not 
normal, is larger than normal. 

659. The procedure is illustrated by investigating the fluctuations 
shown in the three series of observations of Table 4. 

TABLE 1 



Series 





I 


II 


III 


eq. (67) n = 
eq. (68) /c 2 = 


25827 
31827 


27118 
59303 


27847 
290933 


eq. (73) r = 
J0(r/V2) = 


0-79 
0-43 


4-0 
1/16000 


32 
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It is concluded from the above table that the series I shows normal 
fluctuation while the series II and III show fluctuation exceeding the 
normal. 

SERIES I 
27-1M94S 




3,280 

3,260 

3,240 

3,220 

3,200- 

3,180 



18 24 

FIG. 124 a. Duporior's records. 



6 Time 



3,600 



31121942 111943 




3,300 - 



-73 



24 



6 12 

Scries IE 
FIG. 1246. Duperier's records. 



The intensities given in Table 4 have been plotted in Figs. 124 a and 6, 
together with the barometric pressure. The large fluctuation of series 
III i*s obviously due to the change of pressure during the period of 
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observation. The large fluctuation of series II cannot be attributed to 
the pressure. We notice, however, from Fig. 123 that the intensity drops 
by about 2 per cent, in the course of the observation. It will be seen 
that the large fluctuation exhibited by this series is due to this systematic 
drop of intensity. 

(c) Systematic Variation 
Amplitude 

660. Consider now a slow systematic change of the cosmic-ray inten- 
sity. Assume that the intensity at a time t is given by 

n(t) n+a(t). (75) 

The slow change will be superposed, and partly masked, by the random 
fluctuation of the counting rate. The random deviation at the time t i is 

d i rzn 7^ ft(^.). (76) 

If all systematic changes are taken care of by a(t), then d i should be the 
random deviation of the counting rate and 

X? J2 r*~> <fi C71\ 

w^iZ^- n - (77) 

The d^s are, however, not known; usually only the deviations n t n are 
known. The d!/s can be eliminated as follows: 

i i / N & N * 

1 V s J_ I X v X * v A I 

* 2 = ^r 7 K-^) 2 = TF > d*+ > a(ti) 2 +2 > atfJdA. 
Nl ^w Nl\^ l ^L, lf ^Li ll M. 

v i=l i=l i=l ' 

(78) 

Averaging (78) over a large number of similar cases we have, with the 
help of (77), N 

r > a(^) 2 . (79) 



J-lZ* 
t=i 

Note that ( f a(L)d^> = 0. 



661. It is seen from (79) that in the presence of systematic changes 
the fluctuation expressed in terms of^n appears larger than normal. 
Conversely, if it can be established for a series of observations that the 
fluctuation is larger than normal, then it can be concluded that a 
systematic fluctuation is superimposed on the random fluctuations. 
The root mean square amplitude K a of the systematic change is given by 



For the three series of Table 4 it is found that the fluctuation of 
series I is normal, i.e. the difference between n and * 2 cannoi be 
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assumed to be significant. The series II and III, however, show a 
systematic change, their respective root mean square amplitudes as 
obtained from Table 4 being: 

TABLE 2 



* 


K a 
(coincidences per hour) 


Relative amplitude 


Series II 
Series III 


180 
512 


0-66 % 
1-85 % 



Fast and slow variations 

662. The systematic variation can be either a fast fluctuation or a 
slow secular variation, and it is shown below how it is possible to dis- 
tinguish between these two cases. 

Consider the following sum: 



It can be shown easily that the average value of/ 2 is given by 

</ 2 > - <d*> = n. (82) 

The last equation (82) holds only if the d/s have normal fluctuation. 
However, d i+l di = n M n t {a(t i+l ) afa)}. 

If the variation a(t) is slow, the difference a(t i+l ) a(t t ) can be neglected 
and approximately 

' ( "--" J! - (83) 



=1 

The following practical use can be made of (83). For a given series 
of observation we can determine numerically a quantity g 2 defined by 

" s = 2<5b-, 2' ""-'>' (84 > 

The value of g 2 should, according to (83), be of the same order as / 2 . 
Thus g 2 is the mean square amplitude of the 'fast' fluctuation. 

If there is no significant difference between g 2 and n for a series, then 
it can be concluded that the variations of the individual values are 
due to normal fluctuation superimposed on a slow secular variation. If, 
however, the difference 2 __ - 

is significantly greater than zero, then it must be assumed that a fast 
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systematic fluctuation is superimposed on the normal fluctuation. The 



difference 



09 

it _ rift 

y 



gives a measure of the mean square amplitude of the slow variation. 

663. The quantity g 2 , evaluated for the three series of Table 4, is 
given below. 

TABLE 3 c 





Series 




I 


II 


III 


n = 


25827 


27118 


27847 


ff 2 = 


13593 


22241 


32433 


DIFFERENCE 


-12234 


-4877 


4586 


with standard 








deviation 


8800 


9200 


9400 



We see from the above table that none of the differences 



can be regarded as significant. It is concluded therefore that all three 
series show normal fluctuation, but that the series II and series III 

TABLE 4 



Series I: 
10-11.6.1943 


Series II: 
26-7.11.1943 


Series III : 
31.12.1942-1.1.1943 


Time 


n 4 /8 


*4 


Time 


*i/8 


*i 


Time 


n 4 /8 


i 


10 


3257 


762-4 


11 


3386 


755-7 


20 


3454 


757-0 


11 


245 


2-4 


12 


430 


5-6 


21 


420 


56-6 


12 


232 


2-3 


13 


417 


5-5 


22 


412 


56-5 


13 


251 


2-3 


14 


421 


5-4 


23 


407 


56-2 


14 


263 


2-1 


15 


426 


5-4 


24 


387 


55-5 


15 


248 


2-0 


16 


436 


5-6 


01 


414 


54-9 


16 


263 


2-0 


17 


436 


5-8 


02 


388 


64-2 


17 


243 


2-0 


18 


436 


6-0 


03 


438 


53-5 


18 


197 


2-0 


19 


384 


6-2 


04 


388 


52-5 


19 


224 


2-0 


20 


375 


6-2 


05 


455 


51-6 


20 


219 


2-2 


21 


419 


6-3 


06 


491 


50-0 


21 


241 


2-4 


22 


379 


6-4 


07 


439 


48-8 


22 


229 


2-7 


23 


356 


6-5 


08 


486 


46-9 


23 


203 


2-7 


24 


375 


6-4 


09 


476 


45-6 


24 


200 


2-8 


01 


379 


6-4 


10 


490 


44-5 


01 


214 


2-8 


02 


359 


6-4 


11 


630 


43-5 


02 


242 


2-6 


03 


382 


6-3 


12 


530 


41-7 


03 


229 


2-5 


04 


379 


6-3 


13 


538 


40-5 


04 


220 


2-4 


05 


377 


6-1 


14 


538 


38-7 


05 


205 


2-5 


06 


334 


6-0 


15 


539 


37-7 


06 


192 


2-6 


07 


355 


5-9 


16 


564 


36-8 


07 


190 


2-7 


08 


366 


5-9 


17 


590 


36-8 


08 


227 


2-7 


09 


394 


6-0 


18 


578 


36-7 


09 


246 


2-4 


10 


353 


5-7 


19 


590 


66-5 
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show a slow secular variation superimposed on the random fluctuations 
of the individual values. 

The root mean square amplitudes of these slow variations are given 
in Table 2. 

TABLE 5 
Derived quantities 



Quantity 


Defined by 
equation 


Series 


I 


II 


III 


n 

K 2 

9* 


(67) 
(68) 
(84) 


25827 
31827 
13593 


27118 
59303 
22241 


27847 
290933 
32433 



C. CORRELATION 

664. It has been shown in the last section how the fluctuation of a 
set of readings is analysed. In particular it has been shown that a 
secular variation can be separated from the random fluctuation of the 
numbers of recorded coincidences. 

Once the existence of a slow variation is established, as it is estab- 
lished e.g. for the series II and III, the question arises how to find the 
variation a(t) itself. 

1. Barometer Effect 

665. Inspecting Fig. 124, where the series III is plotted, it is clear 
that the change of intensity is connected with the change of air pressure. 
It can be assumed as a first approximation that the change of intensity 
is proportional to the change of pressure, 

a(t) = a.b(t), (85) 

where a is a constant and b(t) is the deviation of the pressure from the 
mean at the time t. Thus 

6(0 = B(t)B (86) 



with 



S = f B(t t )IN. 

1=1 



(87) 



(88) 

if the whole of the slow variation is due to a pressure effect as defined 
by (5), then the m/s should contain no systematic variation and 



(a) Regression Coefficient 
666. The counts when corrected for pressure are thus 
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therefore they should have a normal fluctuation. If, on the other hand, 
(85) gives only part of the slow variation then the ra/s have still more 
than normal fluctuation, but in any case the fluctuation of the ra/s 
must be less than that of the n t 's. 

Unless it is known from other observations what the value of a is, 
it can be determined from our series by postulating that the correct 
value of a makes the fluctuation of the m/s a minimum. 

Thus we postulate 

* ^ N=l 2 {<-- W = ]^i 2 (m <~* )2 

i=l i=l 

= minimum in (ex). (89) 
From (78) the best value cx for a is 

ao = I>. (90) 



Further, from (68), (89), and (90) 



The correlation can be regarded as significant, provided the fluctuation 
of the corrected values m i is significantly smaller than that of the 
uncorrected values n i9 

(b) Mean Square Fluctuation 

667. It is interesting to plot the fluctuation of the m/s as a function 
of ex. We find 

" 5 = ^=1 2 ( n <- 6 <-) 8 = <+(-o) 8 ^. 

i=l 

Introducing the values of Table 4, series III, 



and 

1 N 
jj - ^ bjfain) 381-3 cm. Hg coincidences per hour 

i=l 

and a = 658-5 coincidences per hour per cm. Hg. 

The relative regression coefficient of the pressure effect is therefore 

Iftn ~ ^ ^ 2-36 per cent, per cm. Hg. f 



n 
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(c) Significance of Correlation 

668. The correlation appears to be significant because the barometer 
correction reduces significantly the fluctuation of the observed values. 

From Table 5, * 2 = 290933 



and ' ic* = 39870. 



The average amplitude for the normal fluctuation is 

<*ionn1> = = 27847. 

Therefore the excess of the fluctuation of the m/s over that of the 
average normal fluctuation is 

Kl Q -n = 12023. 
The standard deviation of the normal fluctuation is, according to (71), 

= 8200 " 



Therefore the fluctuation of the corrected values m i deviates from 
that of the normal fluctuation by 

- = 1 -5 x standard deviation of normal fluctuation. 
8200 

A deviation equal to 1-5 times the standard deviation occurs with a 
probability of 14 per cent. Such a deviation must be regarded as likely, 
and therefore it is concluded that the corrected fluctuation does not 
differ significantly from a normal fluctuation. 

It is concluded that the excessive fluctuation of the series III can be 
fully accounted for in terms of the change of intensity with barometric 
pressure. 

669. It remains to find the limits between which the actual value of 
a can reasonably be expected to lie. 

The mean square amplitude of the fluctuation has been plotted as a 
function of a in Fig. 125. As can be inferred from (92) this fluctuation 
is represented by a parabola having its minimum at a a . 

The value of the average normal fluctuation (n) has also been shown 
in Fig. 125 by a horizontal line and also this fluctuation plus single, 
double, and threefold standard deviations. The line representing average 
normal + three times standard deviation is the largest fluctuation which 
can be regarded as a chance deviation from normal. This line is inter- 
sected by the parabola at 

a = 805 and a = 511. (93) 

Thus a values inside the interval (93) reduce the fluctuation to such a 
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degree that the reduced fluctuation cannot be regarded as significantly 
different from a normal fluctuation. 




Standard 
deviation 



A VL O B 

FIG. 125. Single correlation. 

670. The actual experimental uncertainty of a is, however, not neces- 
sarily given by (93) if no hypothesis is made as to the fluctuation of 
the corrected values. | The uncertainty of a can be estimated in the 
latter case as follows. A value ^ will give a significantly worse correla- 
tion than the optimum value , provided the fluctuation ^ obtained 
for a = ai is significantly greater than the minimum fluctuation a . 

The difference between the two mean square fluctuations is 



(94) 



and the standard deviation of a mean square fluctuation is 



The difference AK O i s significant if it exceeds three times the standard 
deviation S^ o of * o . 

Therefore the difference between a and a x has to be taken seriously, 
provided 



t If we have reason to suppose that the fluctuation is normal apart from the barometer 
effect, then it must be concluded that a is not likely to lie outside the interval (93). 
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And thereforfe fa-*,} > \ Kat \ l=l>i. (95) 



Introducing numerical values from series III, 

li-ol > 250 - 
Thus the correlation deteriorates noticeably if a is taken outside the 

interval ao 250. 



Hence it is not likely that a lies outside the interval 

400 to 810. 

The comparatively large margin of admissible a values is due to the 
fact that the period of observation is comparatively short. 

2. Secular Variation 

671. The fluctuation of series II cannot be reduced significantly by 
correcting the readings for changing pressure as is apparent from the 
inspection of Fig. 123. 

It was shown, however, in 663 that the large fluctuation of the 
readings of series II is due to a slow change of intensity. It is plausible 
therefore to assume that the intensity of cosmic rays was changing 
gradually during the period of observation due to some outside cause. 

Assume therefore that 

n(t) - +j8r<, (96) 

with r t = ttt and i = tJN, 

where j8 is a constant signifying the rate of change of the intensity. 
The quantity ft may be determined by the condition that 



K* = - (# ft .jg^a minimum for j8 == . 

" iV - 1 <L-i 



1=1 

Thus 



and 



Introducir^ numerical values from Table 4, 

]8 = 25-0 coincidences per (hour) 2 
and * = 28153. 
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The latter fluctuation is almost exactly equal to the average normal 
fluctuation, namely _ OPT1 , Q 

H = i L lo. 

It is concluded therefore that the large fluctuation shown by the 
series II can be fully accounted for by assuming that the intensity 
of the radiation was decreasing in the course of observation at a 
constant rate, namely at a rate of 25 coincidences per (hour) 2 , or 

25x100x24 00 , 

= Pel P6r y ' 



27118 
The actual value of j8 is likely to be inside the interval 

[36-8, 



n 



The fluctuation KQ corresponding to such /3-values differs by not more 
than the -standard deviation from the average normal fluctuation. 
Further, it is unlikely that the value of j8 is outside the interval 



because the fluctuation KQ corresponding to a jS value outside the above 
limits would exceed the average normal fluctuation by more than three 
times the standard deviation. 

3. Multiple Correlation 

Regression Coefficients 

672. The cosmic-ray intensity is known to depend on both the 
pressure and the average temperature of the atmosphere. The readings 
n t obtained in a series of measurements have then to be correlated with 
both changes of pressure and changes of temperature. 

In general it is necessary to assume 

a(t) = ab(t)+y(t), (97) 

where a and y are the regression coefficients for barometer and tem- 
perature correlations. 

The best values for a and for y can again be assumed to be those 
which make the fluctuation of the corrected values a minimum. Thus 

1 NT 

/cj y = - > {tt t - wa&(^) y0(^)} 2 = minimum for a, = a , y = y . 

J (98) 
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The best values are therefore given as the solutions of the following 
system of linear equations. 

ao2 6 ?+ro2^0*^2K--^> \ (99) 




FIG. 126. Multiple correlation. 

673. Introducing the values for a and y from (99) into (98) it is 
found that 



-<*)(y-yo), (100) 



The equation (100) can be regarded as the equation of a family of 
concentric ellipses as shown in Fig. 126. 

Choosing pairs of values oc and y along the same ellipse the same 
value for the fluctuation /c^ y is obtained. 

The best pair of values for oc and y is represented by the centre of 
the family. In Fig. 126 there have been drawn (schematically) the 
ellipses which correspond to a fluctuation equal to the average normal 
fluctuation plus v times standard deviation; v = 1,2,3,... for a hypo- 

thetical case. 



The probabilities that the actual values of a and y lie inside any of 
these ellipses are therefore given by 

(v- 1,2,3,...). 
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Correlation Coefficient 

674. For the investigation of the system of ellipses Fig. 126, it is 
useful to introduce the correlation coefficient r between the 6/s'and 
the 0/s. Define r by 



The following extreme cases are of interest. 

(1) r 2 = 1. In this case the ellipses degenerate into a system of 
parallel lines. 

The physical significance of this case is that the b i and ^ are exactly 
proportional to each other and therefore the double correlation becomes 




FIQ. 127. Double correlation (independent causes). 



meaningless. In this case a single correlation with one of the two 
quantities has to- be used. The case r 2 ~ 1 is of course similar and in 
this case a family of very elongated ellipses is obtained. 

(2) r = 0. In this case the ellipses have axes parallel to the a- and 
y-axes. It can be seen easily (see Fig. 127) that in this case the result 
of the multiple correlation is exactly the same as that of two indepen- 
dent single correlations. 

(3) If r is significantly different from both zero and 1, the ellipses are 
inclined at an angle of ifj to the axis. And, as the result of a simple 
calculation, it follows thatf 

tan 2^r = ~ 



In this case the result of the single correlation differs from that of 
the double correlation. It can be seen easily that single correlation for 
a would give a value a' Q instead of a , where oc' is the point of contact 
of the a-axis with the ellipse touching this axis (see Fig. 126). 

t For 2J &| = 2J 0| the family degenerates into a family of concentric circles. 
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675. IN 375, Ch. VI, three functions 3T(p), <B(rj), C(r,), and a constant 
D were introduced. Numerical values for these quantities are collected 
in Table 1. 

TABLE 1 



9 


21(9) 


33(9) 


(9) 


9 


91(9) 


95(9) 


(9) 


1-0 


0-00000 


1-54736 


00 


3-0 


1-54828 


0-53087 


0-47632 


1-1 


0-15204 


1-40100 


12-82104 


3-1 


1-59094 


0-51528 


0-45249 


1-2 


0-28621 


1-28089 


6-11260 


3-2 


1-63219 


0-50066 


0-43098 


1-3 


0-40625 


1-18064 


3-91666 


3-3 


1-67213 


0-48689 


0-41147 


1-4 


0-51486 


1-09574 


2-84155 


3-4 


1-71084 


0-47393 


0-39369 


1-5 


0-61406 


1-02295 


2-21058 


3-5 


1-74839 


0-46170 


0-37741 


1-6 


0-70537 


0-95984 


1-79913 


3-6 


1-78486 


0-45013 


0-36247 


1-7 


0-79000 


0-90461 


1-51149 


3-7 


1-82031 


0-43916 


0-34870 


1-8 


0-86888 


0-85586 


1-30015 


3-8 


1-85480 


0-42876 


0-33596 


1-9 


0-94277 


0-81250 


1-13894 


3-9 


1-88838 


0-41888 


0-32415 


2-0 


1-01230 


0-77368 


1-01230 


4-0 


1-92109 


0-40947 


0-31316 


2-1 


1-07797 


0-73870 


0-91043 


4-1 


1-95300 


0-40051 


0-30292 


2-2 


1-14020 


0-70702 


0-82687 


4-2 


1-98413 


0-39195 


0-29335 


23 


1-19935 


0-67817 


0-75719 


4-3 


2-01452 


0-38378 


0-28438 


2-4 


1-25574 


0-65179 


0-69826 


4-4 


2-04422 


0-37596 


0-27596 


2 -5 


1-30961 


0-62756 


0-64783 


4-5 


2-07324 


0-36848 


0-26804 


2-6 


1-36120 


0-60523 


0-60420 


4-6 


2-10163 


0-36130 


0-26057 


2-7 


1-41070 


0-58457 


0-56612 


4-7 


2-12941 


0-35442 


0-25353 


2-8 


1-45829 


0-56539 


0-53259 


4-8 


2-15661 


0-34781 


0-24686 


2-9 


1-50410 


0-54754 


0-50286 


4-9 


2-18325 


0-34145 


0-24055 










5-0 


2-20935 


0-33534 


0-23456 


, 








5-5 


2-33257 


0-30793 


20871 










6-0 


2-44520 


0-28484 


0-18812 



> = 0-77368; a = 0-02460. 

Computation of & (w , w; ) 

676. Neglecting ionization loss, the numbers of electrons or photons 
with energies exceeding w produced by a primary of energy W Q under 
a layer of thickness cascade units is given by the following complex 
integral: 

9o-M 

" (1) 



9o-M 

= ^-- f 

JuTTl J \ W 



T) - 



The above integral can be evaluated by the saddle-point method in 
the following way. 
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The coefficients 9JI and 91 have to be chosen according to whether the 
cascade is initiated by an electron or a photon and also according to 
whether one wants to calculate the number of photons or electrons. 
The choice of the 9W and 9t in the corresponding four cases is as follows: 



} is to represent 
numbers of 
Electrons . 

Photons . 


Cascade produced by 


Electron 


Photon 


D^d 


91 
a 2 -> 





91 
-23 ^ 


Oa-Cl! 


da-d! 


d 2 I) 


a-* 


a a -ai 


a a -di 


ai-di 


da-d! 



Q and can be represented as functions of an independent para- 
meter t). Neglecting terms arising from the exponential exp( a 2 ) we 
get the following set of formulae: 

\ 

(2) 



a i 



with 



= a x log 10 e 



(3) 



(4) 



(5) 



9-1 
0-3991 = log 10A /(27r) 

677. In order to compute a family of cascade curves it is convenient 
to use the following expressions 

?/>- / ?/i \ 

(6) 



(7) 



The coefficients A, B, C are the functions of t) appearing inside the 
curly brackets in equations (2), (3), (4) respectively. For the ease of 
computing the numbers of electrons arising from electron primaries 
these coefficients are collected in Table 2. 
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For sake of clarity we give an example: 

We want io compute the number of secondaries with energies ex- 
ceeding 200 MEV. produced by a primary of 10 5 MEV. at a depth of 
about 10 cascade units. 

TABLE 2 



9 . 


1-2 


1-4 


1-6 


1-8 


2-0 


2-2 


2-4 


2-6 


2-8 


3-0 


A = 


0-441 


0-708 


0-875 


0-969 


1-000 


0-967 


0-861 


0-662 


0-350 


-0-103 


-B = 


1-084 


1-073 


1-065 


1-056 


1-042 


1-004 


0-926 


0-793 


0-591 


0-312 


r-i 


0-667 


0-452 


0-456 


0-508 


0-571 


0-619 


0-640 


0-639 


0-619 


0-586 


-(Iogi.9W)'~ 


2-151 


1-151 


0-852 


0-726 


0-673 


0-653 


0-647 


0-646 


0-642 


0-633 


= 


4-104 


1-586 


0-908 


0-603 


0-430 


0-318 


0-240 


0-183 


0-141 


0-109 



TABLE 3 



t) 


<i 


ai<9) 


o a 


lo* *'-* 


toff **-* 


95 

Intr 


10K ^ 1 


loa l 


togli .-a, 


^"-.-a, 


ltJ Kio 

<3-l 


k * ir a,-a l 


l gl (t>-l> 


1-1 


-3 78671 


-1-64455 


4 71243 


-0-27037 


-0-33402 


-0 78294 


0-17855 


1 00000 


12 


-2 27879 


-0 98967 


3 33868 


-0-26489 


-0 34045 


-0 64203 


0-03669 


69897 


1 3 


-1 56826 


-0 68109 


2 74819 


-0 26555 


-0 33967 


-0 56301 


-0-04221 


0-52288 


1-4 


-1-12501 


-0 48859 


2 41355 


-0 27037 


-0-33402 


-0-50912 


-0-09527 


0-39694 


1-5 


-0-81201 


-0-35265 


219975 


-0-27860 


-0-32468 


-0 46897 


-0-13431 


0-30103 


16 


-0 57503 


-0 24973 


2 05408 


-0-28989 


-0 31246 


-0 43761 


-0-16475 


22185 


1-7 


-0-38751 


-0 16829 


1-95119 


~0 30407 


-0 29801 


-0-41251 


-0-18957 


0-15480 


1-8 


-0 23466 


-0-10191 


1-87722 


-0 32106 


-0 28188 


~0 39227 


-0-21068 


0-09691 


19 


-0-10745 


-0-04667 


1-82391 


-0-34082 


-0 26458 


-0 37604 


-0 22936 


04576 


2-0 


00000 


o-ooooo 


1-78598 


-0 36332 


-024657 


-0-36332 


-0-24657 


00000 


2-1 


0-09175 


03985 


1-75990 


-0 38849 


-0-22826 


-0-35377 


-0-26299 


-0-04139 


2-2 


0-17068 


007413 


1-74319 


-0-41628 


-0 21004 


-0-34716 


-0-27916 


-0 07918 


23 


0-23898 


10379 


1-73405 


-0-44655 


-0-19222 


-0 34332 


-0 29546 


-0-11394 


2-4 


29832 


0-12956 


1 73110 


-0-47916 


-0-17508 


-0-34207 


-0-31216 


-0-14613 


a 


















2-5 


35001 


0-15201 


1-73328 


-0 51388 


-0-15882 


-0-34325 


-0 32945 


-0 17609 


26 


0-39515 


0-17161 


1-73973 


-0 55049 


-0-14359 


-0-34667 


-0-34741 


-0-20412 


2-7 


0-43463 


0-18876 


1-74975 


-0-58871 


-0-12948 


-0-35213 


-0 36606 


-0-23045 


2-8 


0-46923 


0-20378 


1-76274 


-0 62825 


0-11655 


-0-35942 


-0-38538 


-0-25527 


29 


0-49958 


21697 


1-77819 


-0-66884 


-0-10478 


-0-36833 


-0-40529 


-0-27875 


30 


0-52626 


0-22855 


1-79570 


-0 71018 


09415 


-0 37862 


-0-42571 


-0-30103 


3-1 


0-54974 


0-23875 


1-81488 


-0-75201 


-0 08460 


-0-39009 


-0 44652 


-0-32222 


3-2 


57045 


0-24775 


1-83542 


-0-79410 


-0 07606 


-0-40255 


-0-46762 


-0-34242 


3-3 


0-58875 


0-25569 


1-85705 


-0-83623 


-0 06844 


-0-41579 


-0-48888 


-0-36173 


3-4 


0-60496 


0-26273 


1-87955 


-0-87821 


-0 06167 


-0-42966 


-0-51022 


-0-38021 


3-5 


0-61934 


0-26898 


1-90272 


-0919S9 


-0 05564 


-0 44400 


-0 53154 


-0-39794 


3-6 


63214 


0-27453 


1-92640 


-0 96114 


-0 05030 


-0-45869 


-0-55275 


-0-41497 


3-7 


0-64355 


0-27949 


1-95044 


-1 00186 


-0-04555 


-0-47361 


-0 57379 


-0-43136 


3-8 


0-65374 


0-28392 


1-97473 


-1-04196 


-0 04134 


-0-48868 


-0-59461 


-0-44716 


3-9 


0-66288 


0-28789 


1-99917 


-1-08138 


-0 03759 


-0-50381 


-061516 


-0-46240 


4-0 


0-67109 


0-29145 


2-02368 


-1-12008 


-0-03425 


-0-51894 


-0 63540 


-0-47712 



We have ^Sw( w o/ w ) ~ 2-70. 

Thus for 9 2-6 (which gives the nearest approximation for the desired 

value), = (2-70-0-646)/0-183 = 11-2 

and 

lo glo a o (2-10 5 , 200; 11-2) 

= 2-70X 0-662-0-793- Jlog 10 (2-70-0-639) = 0-84. 
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TABLE 4 



t) 


da l 


<fir t 


dlocr, " 01 


dl "2-9 


23 

ftlricr, 


<$. 

ffloffj 


1 


a loge 
Oj-<H 


U lOug ' 
a 2~ a i 


a ioge - 

a 2-l 


aioge """ - 
a-<*i 


49 


09 


dt> 


dp 


eft) 


<ft> 


9-1 


1-1 


24-99121 


10-8536 


0-23330 


-0-27012 


4-77142 


-4-80824 


-10-00000 


1-2 


9-45012 


4-1041 


0-04331 


-0-05154 


2-28591 


-2-29414 


-5-00000 


1-3 


5-41133 


2-3501 


-0-06728 


0-07980 


1-46459 


-1-45207 


-3-33333 


1-4 


3-65272 


1-5863 


0-15210 


0-17611 


1-05636 


-1-03235 


-2-50000 


1-5 


2-69080 


1-1686 


-0-22560 


0-25085 


0-81044 


-0-78519 


-2-00000 


1-6 


2-09093 


0-9081 


-0-29366 


0-30932 


0-64297 


-0-62731 


-1-66667 


1-7 


1-68317 


0-7310 


-0-35908 


0-35411 


0-51795 


0-52293 


-1-42857 


1-8 


1-38843 


0-6030 


-0-42324 


0-38672 


0-41746 


-0-45398 


1-25000 


1-9 


1-16534 


0-5061 


-0-48660 


0-40825 


0-33178 


-0-41013 


-1-11111 


2-0 


0-99038 


0-4300 


-0-54908 


0-41965 


0-25539 


-0-38482 


-1-00000 


2-1 


0-84930 


0-3689 


-0-61014 


0-42189 


0-18521 


-0-37346 


-0-90909 


2-2 


0-73306 


0-3184 


-0-66898 


0-41607 


0-11963 


-0-37253 


-0-83333 


2-3 


0-63570 


0-2761 


-0-72460 


0-40343 


0-05796 


-0-37914 


-0-76923 


2-4 


0-55314 


0-2402 


-0-77599 


0-38528 


0-00013 


-0-39084 


-0-71429 


2-5 


0-48252 


0-2096 


-0-82222 


0-36301 


-0-05365 


-0-40555 


-0-66667 


26 


0-42174 


0-1832 


-0-86252 


0-33796 


-0-10303 


-0-42153 


-0-62500 


2-7 


0-36922 


0-1604 


-0-89640 


0-31137 


-0-14766 


-0-43737 


-0-58824 


2-8 


0-32374 


0-1406 


-0-92363 


0-28431 


-0-18730 


-0-45202 


-0-55556 


2-9 


0-28430 


0-1235 


-0-94427 


0-25766 


-0-22187 


0-46475 


-0-52632 


3-0 


25006 


0-1086 


-0-95860 


0-23207 


-0-25143 


-0-47511 


-0-50000 


3-1 


0-22033 


0-0957 


-0-96709 


0-20800 


-0-27620 


-0-48290 


-0-47619 


3-2 


0-19450 


0-0845 


-0-97034 


0-18573 


-0-29650 


-0-48811 


-0-45455 


3-3 


0-17205 


0-0747 


-0-96899 


0-16540 


-0-31272 


-0-49087 


-0-43478 


3-4 


0-15252 


0-0662 


-0-96373 


0-147Q3 


-0-32531 


-0-49139 


-0-41667 


3-5 


0-13552 


0-0589 


-0-95520 


0-13057 


-0 33470 


-0-48992 


r- 0-40000 


3-6 


0-12070 


0-0524 


-0-94400 


0-11591 


-0-34134 


-0-48675 


-0-38462 


3-7 


0-10776 


0-0468 


-0-93070 


0-10292 


-0-34563 


-0-48215 


-0-37037 


3-8 


0-09645 


0-0419 


-0-91576 


0-09145 


-0-34794 


-0-47637 


-0-35714 


3-9 


0-08655 


0-0376 


-0-89961 


0-08133 


-0-34861 


-0-46967 


-0-34483 


4-0 


0-07785 


0-0333 


-0-88260 


0-07243 


-0-34793 


-0-46224 


-0-33333 



So as to facilitate more detailed computation the values of a^t)), 
log9K(t)), Iog9l(t)), and their first and second derivatives are collected 
in Tables 3, 4, and 5. The values of 9Jt and 91 are given for the 
four cases of electron or photon primaries and electron or photon 
descendants. 

For the sake of clarity we give an example: 

Determine the average number of electrons with energies exceeding 
w = 1,000 MEV. produced by a photon of energy w = 10 8 MEV. at 
a depth of ~ 20 cascade units. 
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TABLE 5 



9 


d a a t 


<*' 5)-^ 


d* a 2 -S> 


d *loc * 


Irttr 


1 


dt>* 


dv* oee a^-a t 


dr> g *a a -a t 


dp' 10 * a.-* 


dp-^a.-a, 


(9 -I) 3 


M 


-355-55178 


-2-88232 


3-20124 


-49-84715 


50-16607 


100-00000 


1-2 


-65-38833 


-1-33872 


1-58825 


-12-36538 


12-61491 


25-00000 


1-3 


-24-67575 


-0-93984 


1-10299 


-5-45180 


6-61495 


11-11111 


1-4 


-12-i7592 


-0-77773 


0-84267 


-3-06133 


3-12627 


6-25000 


1-5 


-7-40036 


-0-70135 


0-66033 


-1-98291 


1-94189 


4-00000 


1-6 


> -4-85785 


-0-66423 


0-51315 


-1-42246 


1-27138 


2-77778 


1-7 


-3-42178 


-0-64649 


0-38498 


-1-10640 


0-84490 


2-04082 


1-8 


-2-53904 


-0-63733 


0-26911 


-0-91900 


0-55079 


1-56250 


1-9 


-1-96063 


-0-62977 


0-16305 


-0-80360 


0-33687 


1-23457 


2-0 


-1-56177 


-0-61887 


0-06646 


-0-72914 


0-17673 


1-00000 


2-1 


-1-27460 


-0-60104 


-0-01981 


-0-67706 


0-05621 


0-82645 


2-2 


-1-05993 


-0-57401 


-0-09446 


-0-63570 


-0-03277 


0-69444 


2-3 


-0-89398 


-0-53675 


-0-15624 


-0-59768 


-0-09531 


0-59172 


2-4 


-0-76187 


-0-48952 


-0-20437 


-0-55863 


-0-13526 


0-51020 


2-5 


-0-65402 


-0-43369 


-0-23878 


-0-51640 


-0-15607 


0-44444 


2-6 


-0-56417 


-0-37150 


-0-26015 


0-47051 


-0-16114 


0-39063 


2-7 


-0-48816 


-0-30569 


-0-26988 


-0-42162 


-0-15394 


0-34602 


2-8 


-0-42315 


-0-23906 


-0-26985 


-0-37106 


-0-13784 


0-30864 


2-9 


-0-36716 


-0-17420 


-0-26215 


-0-32041 


-0-11594 


0-27778 


3-0 


-0-31877 


-0-11322 


-0-24980 


-0-27121 


-0-09091 


0-25000 


3-1 


-0-27687 


-0-05764 


0-23202 


-0-22474 


-0-06492 


0-22676 


3-2 


-0-24058 


0-00838 


-0-21311 


-0-18192 


-0-03958 


0-20661 


3-3 


-0-20918 


0-03417 


-0-19346 


-0-14331 


-0-01598 


0-18904 


3-4 


-0-18202 


0-07005 


-0-17400 


-0-10916 


0-00521 


0-17361 


3-5 


-0-15856 


0-09959 


-0-15538 


-0-07946 


0-02367 


0-16000 


3-6 


-0-13831 


0-12335 


-0-13800 


-0-05399 


0-03933 


0-14793 


3-7 


-0-12083 


0-14194 


-0-12208 


-0-03242 


0-05229 


0-13717 


3-8 


-0-10575 


0-15606 


-0-10769 


-0-01439 


0-06276 


0-12755 


3-9 


-0-09273 


0-16635 


-0-09482 


0-00053 


07100 


0-11891 


4-0 


-0-08148 


0-17344 


-0-08341 


0-01275 


0-07728 


0-11111 



We have to chose the value of 9 as follows: 



w 
thus the first term in (2) is dominant and we require 

5 

~5ift)' 
thus ai ~ 0-25. 

From Table 4 we obtain as the nearest entry: 

q = 2-4, ai = 0-240, and ai = 0-553. 
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For primary photons and secondary electrons we have according to 
676, SR = /(a 2 aj), and thus for r) = 2-4 from Table 4 

(log e W = 0-000-0-714 = -0-714. 



K . 

Thus from (2) J = __ = 19-6. 

If this value is a good enough approximation one may proceed, other- 
wise it is necessary to work with both the entries r) = 2-4 and '2-5 and 
interpolate in the end. 

Next we insert into (4) from Tables 4 and 5 ; we find 

aj = -0-762 and (Iog e 95t)" = -0-559 + 0-510 = -0-049, 

{A. 940 } 

-0-434. 0-714-^^. 0-049 = 4-71. 
U* /(}& j 



Further, from Table 3, we find 

a t = 0-298, Q! = 0-130, log 10 SK - -0-342-0-146 - -0-488, 
and therefore 



0- 

O'94-O ^ 

4.71 = 2-90. 



Thus 

log 10 Q (~ = 10 5 , = 19-5J = 2-90 (primary photons). 

The numbers of electrons (Q ) and photons (^} ) given rise to by 
electron or photon primaries have been evaluated in a slightly more 
elaborate way.f For small thicknesses of absorber the second ex- 
ponential in (1) cannot be entirely neglected. To take care of the effect 
of this term the expressions were first computed in the usual way 
without the second exponential and then multiplied by a factor 



In this way the effect of the second exponential is taken care of in 
a first approximation. The results are collected in Tables 6 and 7 ; see 
also Figs. 128 and 129. 

| I am greatly indebted to Mrs. L. Janossy for checking Tables 3-5 and for computing 
the Tables 6, 6 a, and 7; and to Mr. H. Messel for computing Tables 66 and 7 a. 
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TABLE 6 
Electrons produced by Electrons 



{ 


= 1-0 


2-0 


3-0 


4-0 


5-0 


0-1 

















0-2 

















0-3 


> 














04 











0-320 


0-374 


0-6 











0-448 


0-582 


0-6 





0-236 


0-422 


0-563 


0-692 


0-7 





0-304 


0-512 


0-670 


0-801 


0-8 





0-364 


0-594 


0-768 


0-911 


0-9 





0-418 


0-668 


0-858 


1-015 


1-0 





0-467 


0-737 


0-943 


1-116 


1-1 





0-511 


0-801 


1-024 


1-214 


1-2 





0-551 


0-861 


1-100 


1-302 


1-3 





0-587 


0-917 


1-172 


1-386 


1-4 





0-621 


0-971 


1-240 


1-465 


1-5 





0-651 


1-021 


1-306 


1-543 


1-6 





0-679 


1-068 


1-368 


1-615 


1-7 


. . 


0-705 


1-113 


1-427 


1-687 


1-8 





0-728 


1-155 


1-485 


1-755 


1-9 





0-749 


1-196 


1-539 


1-821 


2-0 


. 


0-768 


1-234 


1-591 


1-885 


2-2 





0-801 


1-303 


1-689 


2-008 


2-4 





0-827 


1-366 


1-780 


2-122 


2-6 


-0-096 


0-848 


1-422 


1-864 


2-230 


2-8 


-0-132 


0-863 


1-473 


1-941 


2-330 


3-0 


-0-171 


0-874 


1-518 


2-013 


2-421 


3-2 


-0-212 


0-880 


1-559 


2-079 


2-508 


3-4 


-0-254 


0-883 


1-591 


2-140 


2-590 


3-6 


-0-299 


0-882 


1-626 


2-197 


2-667 


3-8 


-0-344 


0-878 


1-654 


2-249 


2-739 


4-0 


-0-391 


0-871 


1-678 


2-297 


2-807 


4-2 


-0-439 


0-861 


1-699 


2-342 


2-872 


4-4 


-0-488 


0-849 


1-717 


2-383 


2-933 


4-6 


-0-537 


0-834 


1-731 


2-421 


2-989 


4-8 


-0-587 


0-817 


1-743 


2-456 


3-043 


5-0 


-0-638 


0-799 


1-753 


2-487 


3-093 


5-5 


-0-768 


0-744 


1-766 


2-555 


3-206 


6-0 


-0-899 


0-681 


1-765 


2-606 


3-302 


6-5 


-1-033 


0-609 


1-753 


2-645 


3-382 


7-0 


-1-168 


0-532 


1-731 


2-671 


3-450 


7-5 


-1-305 


0-448 


1-700 


2-686 


3-505 


8-0 


-1-443 


0-360 


1-661 


2-691 


3-549 


8-5 


-1-581 


0-267 


1-616 


2-688 


3-584 


9-0 


-1-721 


0-171 


1-564 


2-676 


3-608 


9-5 


-1-861 


0-072 


1-506 


2-658 


3-625 


10-0 


-2-002 


-0-030 


1-443 


2-632 


3-633 


12-0 


-2-57? 


-0-463 


1-151 


2-475 


3-602 


14-0 





-0-925 


0-807 


2-248 


3-486 


16-0 





-1-408 


0-427 


1-969 


3-304 


18-0 


- 


-1-908 


0-018 


1-649 


3-073 


20-0 





-2-420 


-0-414 


1-298 


2-801 


25-0 


> 





-1-566 


0-317 


1-989 


30-0 





. 


-2-793 


-0-769 


1-041 


35-0 











-1-928 


0-001 


40-0 











-3-142 


-1-109 


45-0 





i 








-2-272 
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TABLE 6 (continued) 
Electrons produced by Electrons 



[App. II 



{ 


c = 6-0 


7-0 


8-0 


9-0 


10-0 


0-2 





0-166 


0-250 


0-331 





0-4 


. . 


0-537 


0-603 


0-675 


T 


0-6 





0-861 


0-942 


1-019 


1-088 


0-8 


1-033 


1-142 


1-241 


1-333 


1-422 


1-0 


1-263 


1-393 


1-511 


1-618 


1-721 


1-2 


1-470 


1-621 


1-757 


1-881 


1-995 


1-4 


1-659 


1-831 


1-983 


2-125 


2-252 


1-6 


1-832 


2-023 


2-192 


2-348 


2-495 


1-8 


1-993 


2-201 


2-388 


2-559 


2-717 


2-0 


2-143 


2-369 


2-573 


2-760 


2-930 


2-2 


2-283 


2-528 


2-749 


2-948 


3-133 


2-4 


2-416 


2-678 


2-912 


3-126 


3-323 


2-6 


2-542 


2-820 


3-068 


3-297 


3-507 


2-8 


2-660 


2-953 


3-218 


3-458 


3-680 


3-0 


2-771 


3-080 


3-359 


3-612 


3-847 


3-2 


2-876 


3-20J 


3-494 


3-763 


4-007 


3-4 


2-977 


3-318 


3-624 


3-902 


4-160 


3-0 


3-071 


3-427 


3-747 


4-039 


4-309 


3-8 


3-161 


3-532 


3-865 


4-170 


4-450 


4-0 


3-246 


3-633 


3-980 


4-295 


4-589 


4-2 


3-327 


3-728 


4-088 


4-417 


4-718 


4-4 


3-404 


3-819 


4-193 


4-533 


4-847 


4-6 


3-477 


3-907 


4-294 


4-646 


4-969 


4-8 


3-547 


3-991 


4-390 


4-753 


5-089 


5-0 


3-613 


4-071 


4-484 


4-858 


5-203 


5-5 


3-765 


4-258 


4-700 


5-103 


5-475 


6-0 


3-899 


4-425 


4-899 


5-329 


5-726 


6-5 


4-017 


4-576 


5-078 


5-536 


5-957 


7-0 


4-120 


4-711 


5-242 


5-726 


6-171 


7-5 


4-211 


4-833 


5-393 


5-901 


6-370 


8-0 


4-289 


4-942 


5-529 


6-063 


6-555 


8-5 


4-356 


5-040 


5-653 


6-213 


6-727 


9-0 


4-414 


5-126 


5-767 


6-351 


6-887 


9-5 


4-462 


5-202 


5-869 


6-477 


7-036 


10-0 


4-501 


5-270 


5-962 


6-593 


7-174 


12-0 


4-586 


5-460 


6-249 


6-970 


7-634 


14-0 


4-573 


5-544 


6-423 


7-227 


7-970 


16-0 


4-485 


5-545 


6-508 


7-390 


8-207 


18-0 


4-338 


5-479 


6-519 


7-474 


8-360 


20-0 


4-144 


5-359 


6-470 


7-494 


8-444 


25-0 


3-498 


4-875 


6-144 


7-320 


8-417 


30-0 


2-688 


4-201 


5-603 


6-909 


8-133 


35-0 


1-764 


3-394 


4-910 


6-329 


7-664 


40-0 


0-757 


2-487 


4-104 


5-622 


7-055 


45-0 


-0-315 


1-505 


3-210 


4-817 


6-337 


50-0 


-1-439 


0-463 


2-248 


3-934 


5-533 


60-0 


-3-805 


-1-762 


0-164 


1-989 


3-727 


70-0 








-2-080 


-0-136 


1-719 


800 











-2-396 


^ -0-437 


90-0 














-2-707 
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TABLE 6 a 

!(%(, ti>) 

First-order correction for ionization loss is obtained by replacing 






= 1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


l 





51 


43 


37 


33 


32 


30 


28 


27 


25 


2 





67 


55 


48 


43 


40 


37 


35 


33 


32 


3 


98 


77 


65 


57 


51 


47 


43 


41 


39 


37 


4 


101 


86 


72 


63 


57 


52 


49 


45 


43 


41 


5 


. 


92 


78 


69 


62 


57 


53 


50 


47 


45 


6 





96 


84 


74 


67 


62 


57 


53 


51 


48 


7 





100 


88 


79 


71 


65 


61 


57 


64 


52 


8 





102 


92 


83 


75 


69 


64 


60 


57 


54 


9 





105 


95 


86 


79 


72 


67 


63 


60 


57 


10 





107 


97 


89 


82 


75 


71 


66 


63 


60 


12 





109 


101 


94 


87 


81 


76 


71 


68 


65 


14 








105 


98 


91 


86 


80 


76 


72 


69 


16 








108 


101 


95 


89 


85 


80 


76 


73 


18 








110 


104 


98 


92 


88 


83 


79 


76 


20 








112 


106 


100 


95 


90 


87 


83 


79 


25 











111 


105 


101 


97 


93 


89 


86 


30 











114 


109 


105 


101 


97 


94 


91 


35 








. 





112 


108 


104 


101 


98 


95 


40 














114 


111 


108 


104 


101 


98 


50 


_ .. m 











, 


115 


112 


109 


106 


103 


60 




















114 


112 


110 


108 


70 


























112 


111 


80 


























115 


113 



3595.40 
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TABLE 6 6. Electrons produced by Photons 
logio &oK> ^ ; e = Iog 10 (t0 /tt;) 






= 1-0 


2-0 


3-0 


4-0 


6-0 


0-1 

















0-2 

















0-3 

















0-4 

















0-5 








-0-079 








0-6 








0-039 








0-7 








0-146 


0-263 





0-8 








0-243 


0-376 





0-9 





0-141 


0-332 


0-480 





1-0 





0-202 


0-414 


0-579 


0-718 


M 





0-258 


0-490 


0-672 


0-825 


1-2 





0-309 


0-561 


0-759 


0-924 


1-3 





0-356 


0-628 


0-841 


1-020 


1-4 


-0-028 


0-399 


0-691 


0-920 


1-112 


1-6 


-0-015 


0-439 


0-751 


0-995 


1-198 


1-6 


-0-005 


0-477 


0-807 


1-065 


1-283 


1-7 


0-003 


0-511 


0-860 


1-133 


1-362 


1-8 


0-009 


0-543 


0-910 


1-199 


1-440 


1-9 


0-012 


0-572 


0-958 


1-260 


1-513 


2-0 


0-014 


0-699 


1-003 


1-320 


1-584 


2-2 


0-012 


0-648 


1-087 


1-431 


1-719 


2-4 


0-005 


0-689 


1-164 


1-534 


1-844 


2-6 


-0-008 


0-724 


1-232 


1-630 


1-962 


2-8 


-0-025 


0-754 


1-295 


1-719 


2-072 


3-0 


-0-045 


0-778 


1-351 


1-801 


2-175 


3-2 


-0-069 


0-798 


1-403 


1-877 


2-272 


3-4 


0-097 


0-813 


1-449 


1-948 


2-363 


3-6 


-0-126 


0-825 


1-491 


2-013 


2-449 


3-8 


-0-158 


0-833 


1-529 


2-075 


2-530 


4-0 


0-191 


0-837 


1-662 


2-131 


2-606 


4-2 


-0-227 


0-839 


1-593 


2-184 


2-678 


4-4 


-0-263 


0-838 


1-619 


2-234 


2-746 


4-6 


-0-301 


0-835 


1-643 


2-279 


2-810 


4-8 


-0-341 


0-828 


1-663 


2-321 


2-871 


5-0 


-0-381 


0-820 


1-681 


2-361 


2-928 


6-5 


-0-486 


0-791 


1-714 


2-446 


3-057 


6-0 


-0-597 


0-750 


1-733 


2-515 


3-168 


6-5 


0-711 


0-701 


1-740 


2-569 


3-264 


7-0 


-0-828 


0-643 


1-735 


2-610 


3-346 


7-5 


-0-948 


0-578 


1-721 


2-640 


3-413 


8-0 


-1-070 


0-507 


1-698 


2-660 


3-471 


8-5 


1-195 


0-431 


1-667 


2-670 


3-517 


9-0 


-1-321 


0-351 


1-630 


2-671 


3-554 


9-6 


-1-449 


0-266 


1-586 


2-665 


3-582 


10-0 


1-579 


0-177 


1-536 


2-652 


3-602 


12-0 


-2-110 


-0-208 


1-291 


2-539 


3-612 


14-0 


-2-656 


-0-631 


0-988 


2-351 


3-532 


16-0 





-1-081 


0-641 


2-105 


3-384 


18-0 





-1-552 


0-262 


1-816 


3-181 


20-0 





-2-039 


-0-143 


1-492 


2-936 


25-0 








-1-239 


0-567 


2- 180 


30-0 








-2-422 


-0-474 


1-279 


36-0 











1-595 


0-277 


40-0 











2-776 


-0-800 


45-0 














-1-936 



TABLE 6 6 (continued) 
Electrons produced by Photons 
, w ; ) e = log lQ (w 
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= 6-0 


7-0 


8-0 


9-0 


10-0 


0-2 

















0-4 


-0-055 














0-6 


0-288 


0-359 


0-418 








0-8 


0-583 


0-672 


0-750 


0-826 


0-895 


1-0 


0-841 


0-950 


1-047 


1-137 


1-226 


1-2 > 


1-071 


1-201 


1-317 


1-423 


1-525 


1-4 


1-280 


1-429 


1-565 


1-687 


1-800 


1-6 


1-472 


1-639 


1-791 


1-932 


2-059 


1-8 


1-649 


1-835 


2-003 


2-157 


2-302 


2-0 


1-815 


2-018 


2-203 


2-371 


2-527 


2-2 


1-969 


2-190 


2-392 


2-576 


2-744 


2-4 


2-113 


2-352 


2-567 


2-764 


2-947 


2-6 


2-249 


2-504 


2-734 


2-945 


3-140 


2-8 


2-377 


2-648 


2-894 


3-119 


3-326 


3-0 


2-498 


2-785 


3-045 


3-282 


3-501 


3-2 


2-613 


2-916 


3-189 


3-440 


3-672 


3-4 


2-723 


3-040 


3-328 


3-590 


3-832 


3-6 


2-825 


3-158 


3-459 


3-734 


3-988 


3-8 


2-923 


3-271 


3-585 


3-873 


4-137 


4-0 


3-016 


3-380 


3-707 


4-005 


4-282 


4-2 


3-105 


3-482 


3-822 


4-134 


4-421 


4-4 


3-189 


3-581 


3-934 


4-256 


4-554 


4-6 


3-269 


3-676 


4-042 


4-376 


4-684 


4-8 


3-345 


3-765 


4-144 


4-490 


4-809 


5-0 


3-418 


3-852 


4-244 


4-600 


4-930 


5-5 


3-586 


4-054 


4-475 


4-860 


6-217 


6-0 


3-734 


4-235 


4-687 


5-099 


5-479 


6-5 


3-865 


4-399 


4-879 


6-319 


5-723 


7-0 


3-982 


4-546 


5-055 


5-520 


5-949 


7-5 


4-084 


4-680 


5-217 


5-707 


6-169 


8-0 


4-175 


4-800 


5-364 


5-879 


6-354 


8-5 


4-254 


4-908 


5-499 


6-039 


6-536 


9-0 


4-323 


5-006 


5-622 


6-186 


6-706 


9-5 


4-381 


5-092 


5-735 


6-321 


6-863 


10-0 


4-431 


5-169 


5-837 


6-446 


7-010 


12-0 


4-554 


5-395 


6-158 


6-856 


7-502 


14-0 


4-576 


5-512 


6-363 


7-144 


7-866 


16-0 


4-519 


5-543 


6-475 


7-334 


8-129 


18-0 


4-401 


5-504 


6-513 


7-442 


8-305 


20-0 


4-232 


5-409 


6-488 


7-485 


8-412 


25-0 


3-642 


4-980 


6-215 


7-363 


8-435 


30-0 


2-878 


4-351 


5-719 


6-996 


8-194 


35-0 


1-993 


3-582 


5-064 


6-454 


7-762 


40-0 


1-019 


2-709 


4-292 


5-780 


7-186 


45-0 


-0-024 


1-757 


3-428 


5-005 


6-498 


50-0 


-1-122 


0-740 


2-492 


4-148 


5-720 


60-0 





-1-440 


0-452 


2-248 


3-958 


70-0 








-1-754 


0-160 


1-988 


80-0 











-2-066 


-0-134 


90-0 














-2-376 
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APPENDIX II 



[App. II 



TABLE 7 

Photons produced by Electrons 
$0(^0, w 5 = Io gio(w / 






= 1-0 


2-0 


3-0 


4-0 


5-0 


0-1 

















0-2 

















0-3 








0-357 


0-472 


1 


0-4 








0-457 


0-610 





0-5 








0-557 


0-731 


0-891 


0-6 





0-384 


0-646 


0-840 


J-006 


0-7 





0-439 


0-725 


0-938 


1-110 


0-8 





0-492 


0-797 


1-026 


1-209 


0-9 





0-539 


0-863 


1-106 


1-303 


1-0 





0-582 


0-922 


1-180 


1-390 


1-1 





0-621 


0-978 


1-252 


1-475 


1-2 


0-094 


0-655 


1-031 


1-318 


1-554 


1-3 


0-103 


0-687 


1-080 


1-382 


1-630 


1-4 


0-109 


0-716 


1-127 


1-443 


1-703 


1-6 


0-112 


0-743 


1-171 


1-501 


1-772 


1-6 


0-114 


0-767 


1-212 


1-556 


1-840 


1-7 


0-113 


0-789 


1-252 


1-610 


1-904 


1-8 


0-111 


0-810 


1-290 


1-660 


1-968 


1-9 


0-107 


0-828 


1-325 


1-710 


2-027 


2-0 


0-101 


0-845 


1-358 


1-756 


2-086 


2-2 


0-086 


0-875 


1-421 


1-845 


2-197 


2-4 


0-066 


0-900 


1-477 


1-927 


2-301 


2-6 


0-043 


0-919 


1-528 


2-003 


2-398 


2-8 


0-016 


0-934 


1-575 


2-074 


2-489 


3-0 


-0-014 


0-946 


1-616 


2-140 


2-575 


3-2 


-0-046 


0-953 


1-653 


2-201 


2-656 


3-4 


-0-080 


0-958 


1-687 


2-257 


2-732 


3-6 


-0-116 


0-959 


1-716 


2-310 


2-804 


3-8 


-0-154 


0-958 


1-742 


2-359 


2-872 


40 


-0-193 


0-953 


1-766 


2-404 


2-936 


4-2 


-0-233 


0-947 


1-786 


2-446 


2-996 


4.4 


-0-274 


0-938 


803 


2-485 


3-054 


4-6 


0-317 


0-927 


818 


2-521 


3-107 


4-8 


-0-360 


0-915 


830 


2-554 


3-157 


5-0 


-0-404 


0-900 


840 


2-584 


3-205 


5-5 


-0-517 


0-856 


855 


2-649 


3-313 


6-0 


-0-634 


0-804 


859 


2-700 


3-405 


6-5 


-0-754 


0-743 


851 


2-738 


3-483 


7-0 


-0-877 


0-676 


834 


2-765 


3-548 


7-5 


-1-002 


0-603 


809 


2-782 


3-602 


8-0 


1-129 


0-525 


1-776 


2-789 


3-646 


8-5 


-1-257 


0-442 


1-736 


2-789 


3-681 


9-0 


-1-387 


0-355 


1-690 


2-781 


3-706 


9-5 


-1-518 


0-264 


1-638 


2-765 


3-724 


10-0 


-1-651 


0-171 


1-582 


2-744 


3-734 


12-0 


-2-192 


-0-231 


1-314 


2-603 


3-713 


14-0 


-2-747 


-0-667 


0-993 


2-393 


3-608 


16-0 





-1-127 


0-634 


2-131 


3-440 


18-0 





-1-607 


0-243 


1-828 


3-222 


20-0 





-2-101 


-0-171 


1-493 


2-963 


25-0 








-1-285 


0-546 


2-182 


30-0 








. 


-0-510 


1-263 


35-0 











-1-643 


0-247 


40-0 











-2-834 


-0-840 


45-0 














-1-984 
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TABLE 7 (continued) 
Photons produced by Electrons 






= 6-0 


7-0 


8-0 


9-0 


10-0 


0-2 





0-434 


0-628 


0-755 


0-857 


0-4 


3 


0-869 


1-011 


1-118 


1-203 


0-6 


1-155 


1-211 


1-334 


1-442 


1-539 


0-8 


1-369 


1-493 


1-615 


1-731 


1-843 


1-0* 


1-571 


1-730 


1-867 


1-994 


2-115 


1-2 


1-756 


1-934 


2095 


2-237 


2-369 


1-4 


1-926 


2-124 


2-301 


2-461 


2-608 


1-6 


2-083 


2-300 


2-492 


2-667 


2-830 


1-8 


2-231 


2-464 


2-673 


2-863 


3-038 


2-0 


2-369 


2-619 


2-844 


3-051 


3-239 


2-2 


2-498 


2-765 


3-006 


3-224 


3-426 


2-4 


2-621 


2-905 


3-159 


3-392 


3-606 


2-6 


2-737 


3-037 


3-306 


3-552 


3-778 


2-8 


2-847 


3-161 


3-446 


3-703 


3-941 


3-0 


2-950 


3-280 


3-578 


3-850 


4-101 


3-2 


3-048 


3-395 


3-706 


3-990 


4-251 


3-4 


3-141 


3-503 


3-828 


4-123 


4-398 


3-6 


3-230 


3-606 


3-944 


4-254 


4-537 


3-8 


3-314 


3-705 


4-057 


4-377 


4-673 


4-0 


3-394 


3-800 


4-164 


4-497 


4-802 


4-2 


3-471 


3-890 


4-268 


4-611 


4-929 


4.4 


3-544 


3-977 


4-368 


4-723 


5-050 


4-6 


3-613 


4-061 


4-463 


4-830 


5-168 


4-8 


3-679 


4-140 


4-555 


4-933 


5-281 


5-0 


3-742 


4-217 


4-644 


5-033 


5-392 


5-5 


3-887 


4-394 


4-852 


5-269 


5-652 


*6-0 


4-014 


4-555 


5-041 


5-484 


5-893 


6-5 


4-128 


4-699 


5-214 


5-683 


6-116 


7-0 


4-227 


4-830 


5-372 


5-867 


6-324 


7-5 


4-315 


4-947 


5-516 


6-038 


6-517 


8-0 


4-391 


5-053 


5-649 


6-194 


6-696 


8-5 


4-457 


5-147 


5-770 


6-338 


6-863 


9-0 


4-513 


5-231 


5-879 


6-471 


7-018 


9-5 


4-561 


5-306 


5-979 


6-594 


7-162 


10-0 


4-601 


5-373 


6-070 


6-708 


7-297 


12-0 


4-688 


5-561 


6-352 


7-076 


7-747 


14-0 


4-683 


5-648 


6-526 


7-331 


8-076 


16-0 


4-605 


5-655 


6-613 


7-494 


8-311 


18-0 


4-468 


5-597 


6-629 


7-580 


8-464 


20-0 


4-284 


5-485 


6-586 


7-604 


8-551 


25-0 


3-666 


5-024 


6-278 


7-444 


8-534 


30-0 


2-881 


4-372 


5-757 


7-051 


8-264 


35-0 


1-981 


3-587 


5-084 


6-488 


7-810 


40-0 


0-994 


2-700 


4-297 


5-798 


7-217 


45-0 


-0-058 


1-736 


3-420 


5-010 


6-515 


50-0 


-1-165 


0-710 


2-474 


4-142 


5-726 


60-0 





-1-484 


0-419 


2-225 


3-945 


70-0 





. . 


1-800 


0-124 


1-962 


80-0 





. . 





-2-113 


0-172 


90-0 














2-423 
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TABLE 7 a. Photons produced by Photons 
Iog 10 $oK> w ; = logjoKM 



c 


*= 1-0 


2-0 


3-0 


4.0 ' 


5-0 


0-1 

















0-2 





. 











0-3 

















0-4 

















0-5 

















0-6 














i, 


0-7 








0-458 


0-647 


0-737 


0-8 








0-528 


0-721 


0-842 


0-9 








0-594 


0-794 


6-941 


1-0 








0-657 


0-864 


1-037 


M 





0-437 


0-717 


0-940 


1-127 


1-2 





0-474 


0-774 


1-013 


1-214 


1-3 





0-508 


0-829 


1-084 


1-297 


1-4 


0-067 


0-541 


0-882 


1-152 


1-378 


1-5 


0-072 


0-572 


0-932 


1-216 


1-455 


1-6 


0-076 


0-602 


0-979 


1-279 


1-529 


1-7 


0-079 


0-629 


1-025 


1-339 


1-601 


1-8 


0-081 


0-655 


1-069 


1-396 


1-669 


1-9 


0-082 


0-679 


1-110 


1-451 


1-737 


2-0 


0-082 


0-702 


1-150 


1-504 


1-800 


2-2 


0-079 


0-743 


1-224 


1-604 


1-923 


2-4 


0-073 


0-779 


1-291 


1-698 


2-037 


2-6 


0-063 


0-810 


1-353 


1-785 


2-145 


2-8 


0-051 


0-836 


1-409 


1-865 


2-246 


3-0 


0-035 


0-858 


1-461 


1-940 


2-342 


3-2 


0-017 


0-877 


1-508 


2-010 


2-432 


3-4 


-0-003 


0-892 


1-550 


2-076 


2-517 


3-6 


-0-025 


0-904 


1-589 


2-137 


2-596 


3-8 


0-050 


0-912 


1-624 


2-194 


2-67*2 


4-0 


0-076 


0-918 


1-656 


2-247 


2-743 


4-2 


-0-104 


0-921 


1-685 


2-296 


2-810 


4-4 


0-133 


0-922 


1-710 


2-343 


2-875 


4-6 


0-164 


0-921 


1-733 


2-386 


2-936 


4-8 


-0-196 


0-917 


1-753 


2-426 


2-992 


5-0 


-0-229 


0-912 


1-770 


2-463 


3-046 


5-5 


-0-317 


0-889 


1-804 


2-544 


3-169 


6-0 


0-411 


0-857 


1-825 


2-611 


3-275 


6-5 


-0-510 


0-815 


1-834 


2-664 


3-368 


7-0 


-0-613 


0-766 


1-833 


2-705 


3-446 


7-5 


-0-720 


0-710 


1-822 


2-735 


3-513 


8-0 


0-830 


0-648 


1-804 


2-756 


3-569 


8-5 


-0-943 


0-580 


1-778 


2-768 


3-615 


9-0 


-1-059 


0-508 


1-745 


2-772 


3-652 


9-5 


-1-177 


0-431 


1-707 


2-769 


3-680 


10-0 


-1-297 


0-350 


1-663 


2-759 


3-702 


12-0 


-1-793 


-0-006 


1-439 


2-660 


3-719 


14-0 


-2-311 


0-402 


1-157 


2-487 


3-649 


16-0 


-2-844 


0-829 


0-831 


2-257 


3-513 


18-0 





-1-280 


0-470 


1-984 


3-323 


20-0 





-1-749 


0-082 


1-674 


3-090 


25-0 








-0-978 


0-783 


2-364 


30-0 








2-129 


-0-228 


1-480 


35-0 











-1-323 


0-512 


40-0 











2-482 


0-543 


45-0 














-1-657 
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= 6-0 


7-0 


8-0 


9-0 


10-0 


0-2 

















0-4 








0-585 








0-6 


i 





0-901 


0-972 


1-035 


0-8 







1-185 


1-276 


1-361 


1-0 


1-185 


1-319 


1-444 


1-553 


1-658 


1-2* 


1-387 


1-542 


1-683 


1-809 


1-926 


1-4 


1-573 


1-748 


1-905 


2-050 


2-179 


1-6 


1-746 


1-939 


2-111 


2-271 


2-420 


1-8 


1-907 


2-117 


2-305 


2-479 


2-640 


2-0 


2-058 


2-285 


2-490 


2-679 


2-851 


2-2 


2-200 


2-443 


2-665 


2-866 


3-064 


2-4 


2-333 


2-594 


2-828 


3-043 


3-242 


2-6 


2-458 


2-736 


2-985 


3-215 


3-426 


2-8 


2-577 


2-870 


3-136 


3-376 


3-598 


3-0 


2-689 


2-998 


3-276 


3-530 


3-766 


3-2 


2-797 


3-121 


3-412 


3-680 


3-926 


3-4 


2-899 


3-237 


3-543 


3-821 


4-079 


3-6 


2-994 


3-348 


3-667 


3-959 


4-228 


3-8 


3-086 


3-455 


3-787 


4-089 


4-369 


4-0 


3-174 


3-556 


3-901 


4-216 


4-508 


4-2 


3-258 


3-653 


4-011 


4-338 


4-639 


4-4 


3-337 


3-747 


4-118 


4-455 


4-768 


4-6 


3-412 


3-836 


4-218 


4-569 


4-890 


4-8 


3-485 


3-922 


4-317 


4-677 


5-011 


5-0 


3-554 


4-005 


4-411 


4-784 


5-126 


.55 


3-713 


4-196 


4-633 


5-032 


5-400 


6-0 


3-855 


4-37J 


4-835 


5-260 


5-653 


6-5 


3-981 


4-527 


6-021 


6-471 


5-889 


7-0 


4-093 


4-669 


5-190 


6-667 


6-107 


7-5 


4-192 


4-798 


5-345 


5-847 


6-310 


8-0 


4-280 


4-914 


5-488 


6-013 


6-499 


8-5 


4-357 


5-019 


5-619 


6-167 


6-675 


9-0 


4-424 


5-113 


5-739 


6-310 


6-839 


9-5 


4-482 


5-198 


5-847 


6-442 


6-992 


10-0 


4-531 


6-273 


6-947 


6-564 


7-135 


12-0 


4-656 


5-497 


6-262 


6-965 


7-616 


14-0 


4-683 


5-615 


6-466 


7-248 


7-973 


16-0 


4-635 


5-651 


6-580 


7-437 


8-233 


18-0 


4-525 


5-619 


6-622 


7-548 


8-410 


20-0 


4-367 


5-531 


6-602 


7-593 


8-518 


25-0 


3-802 


5-123 


6-345 


7-484 


8-550 


30-0 


3-063 


4-516 


5-869 


7-133 


8-323 


35-0 


2-201 


3-768 


5-233 


6-608 


7-905 


40-0 


1-248 


2-915 


4-478 


6-951 


7-344 


45-0 


0-223 


1-980 


3-632 


5-192 


6-671 


60-0 


.-0-857 


0-980 


2-711 


4-350 


5-908 


60-0 





-1-170 


0-701 


2-478 


4-173 


70-0 








-1-480 


0-415 


2-227 


80-0 











-1-789 


0-126 


90-0 














-2-097 
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Cascade Theory including lonization Loss < 

678. From Q , the numbers of electrons which would arise without 
ionization loss, the actual number of electrons can be calculated in a 
first approximation by replacing w by w-{-g(^w) (Bhabha and Chakra- 
barty (1943), see 392). The values of 10Qg(,w) are collected in Table 
6 a. Similar corrections could be made for ^} , the number* of photons 
given in Table 7; however, the approximations thus obtained for the 
number of photons of low energy would not be very reliable, because 
the number of photons of low energy is in any case very poorly repre- 
sented by the above theory which uses cross-sections corresponding to 
full screening. 

Low energy photons of a few MEV. are in fact much more penetrating 
than those of higher energies (Schonberg and Occhialini (1942)). Calcu- 
lations of the numbers of low energy photons have been carried out by 
Dallaporta and Clementel (1946) and also by Greisen (1949). 



Tables for Computation of Extensive Air Showers 
679. In Chapter VIII we introduced a function 

F(x) = a(y)x-Y. 



(8) 



The function F is connected with the density distribution of an exten- 
sive air shower at the depth , where 

1 



A few numerical values are collected in Table 8. 

TABLE 8 

logic *M 



y = 


1-4 


1-2 


1-0 


0-8 


0-6 


0-4 


0-2 


{= 10 


8-90 


5-85 


4-11 


2-93 


2-02 


1-12 


. . 


15 


13-44 


8-87 


6-26 


4-52 


3-22 


2-04 


0-34 


20 





11-88 


8-41 


6-12 


4-42 


2-95 


1-04 


25 








10-56 


7-71 


5-62 


3-87 


1-75 


30 








12-71 


9-30 


6-82 


4-79 


2-45 



{= 10 


0-82 


-0-48 


-1-36 


-1-99 


-2-45 


-2-80 


-3-10 


15 


1-98 


-0-06 


-1-45 


-2-44 


-3-17 


-3-70 


-4-13 


20 


, 


0-39 


-1-51 


-2-88 


-3-87 


-4-60 


-5-16 


25 





0-85 


-1-56 


-3-29 


-4-56 


-5-49 


-6-20 


30 





. 


-1-60 


-3-70 


-5-24 


-6-38 


-7-23 
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TABLE 8 (continued) 



y = 


1-4 


1-2 


1-0 


0-8 


0-6 


0-4 


0-2 


x =1 


{= 10 


11-64 


7-50 


5-47 


4-33 


3-66 


3-25 


. 


2-03 


15 


16-84 


10-70 


7-71 


6-06 


5-10 


4-53 


4-20 


4-17 


20 


' 


13-87 


9-92 


7-78 


6-52 


5-78 


5-38 


5-31 


25 








12-12 


9-46 


7-93 


7-04 


6-55 


6-45 


30 








14-31 


11-14 


9-33 


8-30 


7-72 


7-59 



The function F(x) is plotted in Fig. 104 and Fig. 130. 

-14 




Z5 30 35 40 



FIG. 130. The function F(x). Compare also Fig. 104. 

Fluctuation of Cascades 

680. The distribution function giving the probability that an electron 
gives rise to exactly N electrons instead of the average number <iV> has 
been computed by Arley (1943). The distribution function is represented 
by a Poly a distribution; this distribution differs appreciably from the 
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Poisson distribution. Some data given by Arley are reproduced in 
Table 9.f 

TABLE 9 

Probability Distribution 

Probability 0*(y c , '> N) that a primary energy W Q gives rise to exactly 
N electrons at the depth '. c 

y, = io 





' = 0-2 


{' = 0-4 


yo = 


2 


4 


6 


2 


4 


6 


tf = 


0-0126 


0-0010 


0-0001 


0-0296 


0-00255 


0-00021 


i 


0-958 


0-940 


0-911 


0-873 


0-796 


0-704 


2 


0-0288 


0-0572 


0-0847 


0-0924 


0-180 


0-243 


3 


0-00043 


0-00174 


0-00394 


0-00489 


0-0203 


0-0462 


4 


4xlO~ 


3-5 X 10-' 


0-000122 


2xlO~ 4 


0-00153 


0-00638 


>6 

















5x10'* 


' = 0-6 


?' = 0-8 


N = 


0-0483 


0-00421 


0-00043 


0-0676 


0-00616 


0-00055 


1 


0-768 


0-645 


0-533 


0-669 


0-633 


0-393 


2 


0-165 


0-254 


0-278 


0-217 


0-275 


0-263 


3 


0-0178 


0-0726 


0-117 


0-0400 


0-115 


0-154 


4 


0-00127 


0-0181 


0-0453 


0-00545 


0-0448 


0-0868 


>6 


7xlO- 5 


0-00530 


0-0261 


0-00060 


0-0267 


0-103 


V - 1 


{' = 2 


# = 


0-0884 


0-00793 


0-00073 


0-186 


0-0208 


0-00220 


1 


0-599 


0-430 


0-291 


0-373 


0-222 


0-126 


2 


0-226 


0-267 


0-230 


0-204 


0-165 


0-103 


3 


0-0651 


0-145 


0-163 


0-110 


0-127 


0-0886 


4 


0-0169 


0-0749 


0-110 


0-0591 


0-0991 


0-0771 


> 5 


0-00538 


0-0746 


0-206 


0-0683 


0-366 


0-603 


' = 3 


'= 5 


N = 


0-279 


0-0395 


0-00476 


0-0513 


0-0905 


0-0116 


1 


0-280 


0-154 


0-0758 


0-201 


0-112 


0-0380 


2 


0-158 


0-111 


0-0611 


0-102 


0-0815 


0-0305 


3 


0-0982 


0-0900 


0-0537 


0-0615 


0-0670 


0-0271 


4 


0-0628 


0-0754 


0-0486 


0-0392 


0-0574 


0-0250 


> 5 


0-121 


0-530 


0-756 


0-0824 


0-591 


0-868 


f'=7 


'= 10 


^ = 


0-704 


0-149 


0-0164 


0-903 


0-277 


0-0315 


1 


0-147 


0-106 


0-0237 


0-0594 


0-136 


0-0262 


2 


0-050 


0-0773 


0-0201 


0-0202 


0-0939 


0-0223 


3 


0-0342 


0-0631 


0-0183 


0-00868 


0-0720 


0-0201 


4 


0-0194 


0-0536 


0-0171 


0-00414 


0-0569 


0-0200 


>6 


0-0302 


0-551 


0-905 


0-00447 


0-365 


> 0-880 



t Arley uses conventions for the critical energy and a cascade unit different from 
those used in this book (compare also Ch. VI, 390). The units are explained on,. the 
top of Table 9. 
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'=14 


y* a - 


2 


4 


6 


N ^ 


0-984 


0-583 


0-0727 


1 


0-0121 


0-162 


0-0505 


2 


0-00270 


0-0855 


0-0422 


3 


0-00079 


0-0522 


0-0372 


4 


0-00026 


0-0340 


0-0336 


>5 


0-00015 


0-0837 


0-764 



1000 
500 

200 
100 
50 

20 
10J 
































cuy 

3-0 
2-9 
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2-3 
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1-9 
1-8 
1-7 
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FIG. 131. Depth B in g./cm. 2 below the top of the atmosphere as a function of 
height z in km. (Compare Rossi, 1948.) 



APPENDIX III 
REMARKS ON ELECTRONIC CIRCUITS 

681. THE electronic circuits described in Chapter II have served their 
purpose in many years of cosmic-ray research. As a result 6f the rapid 
development of valve technique many of these circuits have now been 
replaced by more elaborate ones. We describe a few useful examples. 
The innovations have occurred mainly because of a general change 
of point of view as to what is desirable. Originally it was attempted to 
use as few components as possible to achieve a given purpose; it was 
argued that each additional component introduces a certain risk of 
failure. Components and valves have been so much improved and the 
ideas about circuits have so much advanced that the risk involved in 
using many components has now been much reduced. The relatively 
most unsatisfactory components of any counter arrangement are now 
the Geiger-Miiller counters themselves, and therefore, the aim is to use 
these counters more or less as triggers only, and make the performance 
of the circuit as far as possible independent of the shape and actual 
duration of the counter discharge. 

682. Circuits have been devised which are an improvement of the 
Neher-Harper circuit (see 85). In these circuits immediately after f the 
onset of the counter discharge the counter voltage is lowered sufficiently 
to stop further spread of the discharge along the counter wire. (This 
rapid lowering of the voltage is obtained using a 'flip-flop'.) This 
circuit can be used to reduce the dead time ( 88) of counters con- 
siderably (see Simpson (1944), Du Toit (1947), and Hodson (1948)). 
Hodson's arrangement is shown in Fig. 132. 

Cathode Follower 

683. Attention has been drawn to the advantage of using cathode 
follower circuits. The voltage pulse given by a Geiger-Miiller counter 
develops across a high resistance (usually of the order of 0*1 to 1 Mti) 
and therefore comparatively small loads on this pulse will reduce or 
distort the pulse. It is often desirable to transport the counter pulse 
to a distant amplifier; to avoid disturbances and also pick-up between 
pulses, led along different leads, shielded cables have to be.used. The 
capacitance of such shielded cables is necessarily too large to permit the 
cable to be fed directly from the counter pulse itself. The difficulty is 
overcome by the use of a cathode follower. 
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The cathode follower is a 1:1 amplifier as shown in Fig. 133. The 
pulse produced on the grid is followed exactly by the potential varia- 
tion of the point A. The pulse is thus transferred to a system of low 



M-200V t + 150V 



Geiger Muller Counter 



*+150V 




+ 60V 



-14V 
FIG. 132. 'Flip-flop' circuit for reduction of dead time (Hodson, 1948). 



0-1K >10K 



G.M.Counter 100PF 




+250V 

Characteristic 
impedance 



0-1 MF Coaxial Cable 

Hh- 



D-IMF 




FIG. 133. Cathode follower of usual design. 



impedance, and even fast pulses can thus be transmitted through long 
shielded cables. 

To avoid reflection at the output end of the cable it is of advantage 
to insert there a resistance connecting the centre wire with the earthed 
shield; this resistance is the so-called characteristic impedance, its value 
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depends on the properties of the cable, but values of the ord^r of 1,000 1 
are usual. 

The pulse may be shaped more thoroughly before being passed on to 
the Rossi circuit. A usual design of such a shaping circuit consists of 
a double triode flip-flop, an amplifier, and a cathode follower. . A typical 
design has been communicated to us by Mr. R. B. Owen and is shown 
in Fig. 134. 



+250V 16mA 



EF35or 

VK91* 
1M ^ Output 




FIG. 134. Shaping circuit for G.M. discharges (R. B. Owen). The counter discharge 
triggers the 6SN7 flip-flop. The square pulse resulting at A is differentiated by R^ and 
C 19 amplified by valve I and followed by valve II. Remark: good earthing essential. 

Rossi Circuit 

684. The pulses from various counters can be fed to a Rossi circuit 
(see 93). The pulses received through the cables have sharp leading 
edges corresponding to the sudden change of potential at the onset of 
discharge; the exponential tail of the pulse at the input can be much 
reduced by inserting a suitable R-C differentiating circuit before or after 
the cathode follower. 

Dealing with pulses of durations of a few micro-seconds only, it is of 
importance to safeguard that the potential at the plates of the Rossi 
valves (Fig. 135) should be able to rise sufficiently in the course of the 
pulse. The time constant for this rise is equal to the common load 
resistance of the Rossi valves multiplied by the sum of the anode 
capacities of the valves. To reduce this time constant to a minimum 
the common load must be chosen to be as small as possible; on the other 
hand so as to have clear discrimination of genuine coincidences the load 
resistance must be large as compared with the effective resistance of the 
Rossi valves. It is therefore desirable to use for the Rossi valves 
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pentodes capable of carrying large currents. Types EF 35 have been 
used with advantage. 

To avoid interference with the performance of the Rossi circuit it is 
sometimes of advantage to insert a cathode follower after the Rossi 
output. This procedure is particularly of advantage if the Rossi circuit 
forms only part of a more complicated network. A typical circuit is 
shown in Fig. 135. 

+ HT 



;75K 



6SH7 



4> 6SH7 


5> 6SH7 


J Output 




'20K 



zoo: 

PF 




50K 



200! 
PF 




50K' 



777777 



FIG. 135. Typical Rossi circuit. 



Output 

685. For the recording of coincidences the thyratron circuit described 
in 89 may be replaced by a hard valve circuit. The main disadvantage 
of the older thyratron circuit is the difficulty of extinguishing the arc 
in the gas-filled relay and the electric disturbances often caused in this 
process. 

A typical output circuit using hard valves only is shown in Fig. 136. 

Self-recording Counters 

686. A circuit by V. Regener by which discharges of individual 
counters simultaneous to some master event can be recorded is 
described in 102. An alternative circuit has been communicated to us 
by Mr. R. B. Owen (Manchester). This circuit is designed to give very 
high resolving time and efficiency. 

The shaped pulses of the Geiger-Miiller counters are passed on to 
gate valves O v G 29 ...; these have the purpose of not passing on the pulse 
unless the gate has been opened by a master pulse. The suppressor grids 
of Ihe gate valves O v <? 2 , etc. (Fig. 137) are kept normally at a highly 
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negative potential. The positive master pulse is fed simultaneously on 
all the suppressor grids and thus the valves are made sensitive to pulses 
on the control grids. Those (7-valves which receive simultaneous pulses 



Mechanical 
Counter 




+ HT 



10K 



+ 30V 



65N7 



o 

-30V 
FIG. 136. Flip-flop output. 



FL35 



+290V 



Neon 
Indicator 




FIG. 137. Self-recording counters (R. B. Owen). 



on both grids pass these pulses through diodes D v D 2 , etc., on to the 
grids of pentodes K v K 2 , etc. The negative pulses coming from the 
diodes leave the condensors CK V CK 2 , etc. with considerable negative 
charge and the pentodes K v K 2 remain blocked for sufficient periods to 
let the indicators strike. 
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The above circuit switches the indicators on if the signal is passed. 
If one prefers to have a neon lamp extinguished by the pulse instead 
(see 102), then the neon lamp has to be connected across the load 
resistance rather than across the pentode itself. 

We note that, even in the absence of a master pulse, pulses are ob- 
tained at the point B (Fig. 137); the size of these pulses depends on the 
number of valves O having received simultaneous signals on their 
control grids. The pulse at B may be passed through a discriminator 
stage and be recorded independently or taken as part of the master 
pulse itself. 
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APPENDIX IV 
THE PHOTOGRAPHIC METHOD 

687. THE photographic-plate technique first employed for cosmic-ray 
research by Blau and Wambacher (1937) has now become an all im- 
portant tool. For older literature see Shapiro (1941). The technique 
has been largely perfected by the researches of the Bristol group and 
through the researches into nuclear emulsions of Messrs. Ilford and 
Messrs. Kodak. See Powell, Occhialini, Livesey, and Chilton (1946); 
for the electron sensitive emulsion Berriman (1948); also Demers (1947). 
The technique has thus lately attained such a perfection that it will no 
doubt replace many far more difficult experimental procedures of the 
past. We mention in this connexion the remarkable role of the photo- 
graphic plate in the discovery of the 7r-ju,-decay and the 7r-meson. The 
latest electron-sensitive plates have already yielded such important 
results as the quantitative determination of the decay spectrum of the 
/z-meson (Chap. V) (Davies, Lock, and Muirhead (1949)) and the distri- 
bution of particles in penetrating showers. 

Technique 

688. The tracks of fast particles in photographic emulsions resemble 
in many respects the cloud-chamber tracks of particles; in fact 5he 
analysis of both types of track is largely analogous. In particular the 
grain density produced by a particle is a monotonic function of its rate 
of ionization. Therefore a relation between grain density and velocity, 
not unlike the well-known relation between velocity and ionization 
exists. 

While there is a far-reaching analogy between photographic-plate 
tracks and cloud-chamber tracks there is also a great deal of difference 
between the type of information the two methods are capable of pro- 
ducing the scale of the events recorded being very different. 

The photographic emulsion, having sufficient density and being con- 
tinuously sensitive, will record with perfect efficiency collisions occurring 
inside the emulsion. The 'stars' discovered by Blau and Wambacher 
are of course the first examples of such collisions. 

Further the photographic plate is suitable for the investigation of 
short-lived particles and of particles of short range.^ Decay processes 
with a half-life of greater than 1Q- 11 sec. can be easily observed in 
emulsions. 
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The amount of matter of the emulsion along an average track corre- 
sponds to a few ME V. for mesons ; or about a stopping power of the order 
of 1-10 MEV. for singly charged particles. The photographic emulsion 
is thus suited for the investigation of the last few MEV. of tracks. 

In comparison the ends of tracks can only rarely be observed in the 
gas of the Chamber owing to the small stopping power of the gas of the 
chamber. The cloud chamber has, however, advantages over the photo- 
graphjc plate such as the possibilities of counter control, the observa- 
tion of complicated shower phenomena, etc. Thus the photographic-plate 
method and cloud-chamber method must be regarded as complementary 
methods opening different ways of approach. 

Observation of Tracks in the Emulsion 
Developing 

689. Uniform development of the emulsion is essential so as to avoid 
spurious changes of grain density of the micro image. It is also im- 
portant to avoid undue distortion of the emulsions in the process of 
development. In a distorted emulsion tracks might appear scattered as 
an effect of the distortion. Emulsions up to 100 p, thick can be developed 
without difficulty. Emulsions of 200^, or more must be treated with 
special precautions; various methods are in use, the common feature of 
these methods being that development is prevented by temperature or 
otBer means until the emulsion is well soaked. See for details Blau and 
De Felice (1948), Dillworth, Occhialini, and Payne (1948). 

Scanning 

690. Good-quality microscopes have to be used for scanning the 
plates. The personal factor in scanning should not be under-estimated. 
To demonstrate this it was shown by the Rome group that the frequency 
of stars found by an experienced observer decreased when the speed of 
scanning was increased (Cortini and Manfredini (1949)). 

Orientation of Tracks 

691. The direction of a track in the emulsion can be determined by 
measuring the coordinates x, y, z of a suitable number of grains of a 
track. The direction of the track projected on the plane of the emulsion 
can be measured with considerable accuracy. The width of the track 
is usually small as compared with its length and the main limitation 
of accuracy is caused by the actual scattering of the particle in the 
emulsion, thus the natural limit of accuracy can be reached. The 
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coordinates z, perpendicular to the plane of the emulsion, are measured 
by focusing individual grains of the track and reading their depths on 
a gauge. Corrections of this coordinate have to be made both for the 
refractive index of the emulsions and shrinkage of the emulsion in the 
process of development. 

The shrinkage of emulsion is caused by the loss of silver during pro- 
cessing; this is particularly marked for the new types of emulsion with 
high silver content. , r 

Powell, Occhialini, Livesey, and Chilton (1946) found the ^-distortion 
to be a uniform contraction; thus in good approximation we have 

z - Tcz' 

where z' is the depth read on the gauge of the microscope, k varies from 
0'8 to 0*3 according to the type of emulsion. 

Range 

692. The residual range of a particle from a given point to its end 
in the emulsion can be measured directly. It must be emphasized that 
the last grain of a track cannot always be unambiguously located unless 
the background of developed grains is very low. Further, the last grain 
does not necessarily correspond to the actual stop of the particle; the 
actual particle might have moved a length of the order of the average 
distance between two grains after exposing its last grain. 

Considering a mono-energetic beam, say of protons, the observed 
ranges are subject to the ordinary straggling caused by fluctuation of 
energy loss, but the ranges also show fluctuation caused by the grain 
effects. 

For the older plates the uncertainty of the last grain caused a spread 
of ranges exceeding that caused by straggling. The recently-developed 
nuclear research plates show greater grain density and at the same time 
less background; for these plates effects of straggling are more im- 
portant, and the accuracy of range measurement reaches its natural 
limit (Lattes, Fowler, and Cuer (1947)). 

Grain density 

693. The total number of grains along a track or a section of a track 
can be counted directly under the microscope. The number of grains 
per unit path can thus be obtained in principle (Taylor (1935), Bose and 
Chowdhuri (1941)). 

Results of actual grain counts given by Lattes, Occhialini, and Powell 
are shown in Fig. 138. To investigate the rate of change of grain density 
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the number of grains in a track to different distances from the end are 
usually counted. It may be noted when comparing counts that the 
fluctuation of the number of grains per unit path, quite apart from 
systematic changes, exceeds the statistical fluctuation associated with 
random events as owing to the effect of low energy secondaries the 
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FIG. 138. N is total number of grams in track of residual range R (scale-divisions). 
1 scale-division == 85 microns. (Lattes, Occhialim, and Powell (1947).) 

grains cannot be regarded as independent. The problem is somewhat 
analogous to that of drop counting along a cloud chamber track. 

694. Accurate grain-counting can only be performed if the individual 
grains are reasonably resolved. Experience has shown that grain counts 
carried out by various observers show a certain amount of personal bias; 
this does not prevent quantitative comparison of counts carried out by 
the same observer; consistent results can thus be obtained. 

So as to minimize the effect of both fluctuations and the effect of the 
background grains it is desirable to have as large a number of grains 
per unit length as can be obtained without affecting the resolution of 
the grains. 
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To satisfy this condition different types of emulsion should be chosen 
according to the kind of track to be investigated. Fast, singly charged 
particles need emulsions with exceptionally high silver content and 
only recently has it become practicable to manufacture emulsions with 
sufficiently high silver content to be sensitive to particles at minimum 
ionization. Such an 'electron sensitive' emulsion (Berrimai^. (1948)) is 
not suited for the determination of grain densities of slow tracks of 
particles or of tracks of multiply-charged particles. 

The track of a particle of high charge (Z > 1) may be too dense to 
be resolved even if recorded in an emulsion of low silver content. In 
such tracks the actual width of the track can be taken as a measure of 
grain density. 

Closely connected with grain density of a track is the number of 8-rays 
emitted. The S tracks branching off the main track can be counted 
directly; the number of secondaries increases rapidly with decreasing 
energy of the secondary. Thus, to obtain definite results an arbitrary 
lower limit has to be introduced and only tracks with ranges exceeding 
this limit must be counted. 

Scattering 

695. Scattering of a track can be either caused by violent single 
collisions (single scattering) or alternatively by the cumulative effect 
of a large number of independent collisions each giving rise to small 
change of direction only (see 173-4). Large-angle scattering, as a rule, 
can be easily recognized and the angle of scattering may be measured 
through the direction of track before and after the event. 

The measurement of multiple scattering is of considerable practical 
importance. The scattering angles cannot be resolved and methods 
integrating over finite sections of the track have to be employed. There 
are a number of different approaches. Bose and Chowdhuri (1941) made 
the first attempts to measure multiple scattering; they determined the 
root mean square distance between track and sector. Lattimore (1498), 
Goldschmidt-Clermont, King, Muirhead, and Bitson (1948), instead 
determined the average angle of scattering along a section AD; the 
angle a, L(AB, CD), can be taken as the angle of scattering between 
the points P and Q (Fig. 139). 

Magnetic deflexion 

696. The magnetic deflexion of particles in the emulsion is being 
attempted at the time of writing. Such deflexions can only be observed 
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if they can be made to exceed noticeably the deflexion caused by 
multiple scattering. Considerations analogous to those of 136 show 
that the magnetic deflexions of relativistic particles in very strong fields 
(^ 30,000 gauss) should be just measurable. Another method is being 
proposed and used by Occhialini and Bates ( 1 948), Powell and Rosenblum 
(1948), Fr^nzinetti, Powell, and Rosenblum (1948), Barbour (1948). A 
number of photographic plates with small gaps in between are used. 
Traces of particles traversing more than one emulsion are observed and 
the magnetic deflexion in the gap between the emulsions is measured. 




Track 



FIG. 139. Scattering of a track. 

The main difficulty of this method is that of identification of the tracks 
in different emulsions belonging to the same particles. 

Determination of mass, energy, and charge 

697. The data obtained from the tracks of particles in emulsions can 
be under favourable conditions used to determine mass, charge, and 
energy of the particle (Perkins > (1947), Lattes, Muirhead, Occhialini, 
and Powell (1947), Bradt and Peters (1948)). The procedure is some- 
what analogous to that of analysing cloud-chamber tracks. 

Essentially we have to determine three unknown quantities, e.g. mass 
m, velocity v (or /J v/c), and charge number Z, so as to characterize 
a particle. Three relations between observed quantities must be made 
use of so as to allow a complete determination. Often Z 1 can be 
assumed safely, those cases can be analysed using two relations. 

We discuss briefly the relations at disposal: 

Energy-range relation: this relation can be obtained directly for 
a-particles or protons by bombarding emulsions with particles of known 
energy. Empirically the following type of relation is found: 

W^kRv (v~0-5), (1) 
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W k kinetic energy, R range, v a slowly varying quantity (see, r e.g. Lattes, 
Fowler, and Cuer (1947), and Fig. 140). 

From general arguments (see Chap. Ill) it can be assumed that the 
rate of energy loss of a particle 
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FJG. 140 a. Energy-range relations for protons in a typical photographic emulsion (Lattes, 
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FIG. 1406. Energy-range relations for a-particles in a typical photographic emulsion 
(Lattes, Fowler, and Cuer (1947)). 



i.e. it is proportional to Z 2 but otherwise a function of velocity only. 
Further we have 



Y k 



Z*dR _dg(v) 
T ~~7(v)' 



(2 a) 
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Integrating f from R = we find 

T -/$-*> 



Thus Z 2 RJM is a function of v only. (1) and (3) together give a general 
relation between R, W k , and Z valid for all particles. 

698. It is assumed in the above consideration that Z = Z Gtt , the 
effective charge of the particle. For a moving nucleus this is correct 
provided it can be assumed to be completely stripped of electrons. 
However, if the velocity of the nucleus is of the order of the velocity 
of its orbital electrons, capture becomes important and Z ett is not strictly 
constant. For Z ^ I the orbital velocities are high and the effect of 
capture becomes important. 

The rate of ionization and also the frequency of 8-rays is 

/ = Z/(). (4) 

The grain density n = dN/dr is an increasing function of /, thus a rela- 
tionship of the form n _ n ^i_ e -i t ) (4a) 

(n , 1 constants) may be expected. 
For Z = const., say Z = 1, (dN/dR) is a function of velocity only, say 

dN . . 

dR = G(V} - 
With help of (2 a) we have further 





Thus N/M for fixed Z is a function of velocity only. 

The root mean square angle of scattering along a path is (see 242) 
of the form p 

V0 (6) 



where a can be determined numerically from equation (185), 243, 
provided the chemical composition of the emulsion is known. 

Determination of mass 

699. (N, R) relation: Using the fact that both N/M and B/M are 
functions of v alone, log N can be plotted against log R both for the 
unknown particle (curve 1) and a known particle of the same Z (curve 2) 
(Fig. 141).. 

Draw a line 45 to the axis intersecting the curves in points A and J5. 
We^have, according to Perkins, as can be verified easily, 

B'A' = Iog(.i/Jf 2 ), 
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where B' and A' are the projections of B and A. As a C 4 heck of the 
method it should be ascertained that the distance A'B' remains un- 
changed inside experimental errors when the line AB is moved along 
curve (1) (Fig. 141). 

Similar determinations can be carried out using the mean scattering 
instead of N or E. 

If Z is not known N, R, and <($ 2 > have to be used simultaneously. 



Log N 



(1) Unknown 
particle 




B' A' 

FIG. 141. Determination of mass of a particle. 

Some Observational Results obtained by Photographic- Plate Methods 

700. The earlier researches were mostly concerned with the study 
of stars in emulsions (see Blau and Wambacher (1937), Schopper (1937), 
Rumbaugh and Locher (1936), Jdanow (1936, 1939), Leprince-Ringuet 
and others (1947)). It was recognized that these stars represent dis- 
ruptions of atomic nuclei caused by the impact of cosmic -ray particles. 
The connexion with cosmic rays was established as the number of stars 
observed in an emulsion was found to increase considerably with eleva- 
tion above sea-level. 

The height-frequency curves of stars observed by many authors 
(Stetter and Wambacher (1937), Perkins (1947), Bernardini, Cortini, 
and Manfredini (1948), George and Jason (1949)) show that the rate 
of increase of stars with height is exponential with a half value of 
about 150 g./cm. 2 The rate of increase is the same order as that of the 
nucleons causing penetrating showers. 

701. The absorption of star producing rays in various materials was 
also studied; it was found that the absorption is greater in lighter 
elements. Results are compatible with a cross-section of absorption 
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given by an expression 



O 

per atom. 

Thus the absorption varies roughly as the geometrical cross-section 
of the absorbing nuclei. This result fits in with the hypothesis that the 
stars are produced by fast nucleons coming down through the atmo- 
sphere. 

Penetrating showers 

702. The prongs of the stars contain protons, a-particles, and heavier 
fragments, but also mesons. With the electron-sensitive Kodak emul- 
sions it was found that some of the stars contain also fast particles, 
presumably mesons and protons (Brown, Camerini, Fowler, Heitler, 
King, and Powell (1949), Cosyns, Dillworth, Occhialini, Schonberg, 
Vermaesen (1949), Brown, Camerini, Fowler, Muirhead, Powell, Ritson 
(1949)). Investigations of these stars, which seem to be identical with 
the penetrating showers described in Chapter IX are in progress at the 
time of writing. 

The 7r-meson 

703. The most important discovery made with the photographic 
plate technique is that of the 7r-meson (Lattes, Occhialini, and Powell 
(1547)). Investigating tracks ending in the emulsion, particles were 
found coming to rest inside the emulsion, emitting another particle after 
the first had come to rest; the second particle was found in all cases to 
have a range of about 600 /z. A typical example is shown on Plate 7 a. 
These events are interpreted as follows. The first track entering the 
emulsion is that of an unstable particle, the 7r-meson; after having come 
to rest, the 7r-meson decays emitting a somewhat lighter particle, the 
jit-meson. The kinetic energy of the /x -meson is taken from the excess 
of the 7r-meson rest energy over the //,-meson rest energy. 

The 7r-meson is now generally believed to be the particle (or one of 
the particles) responsible for nuclear forces. This belief is based on the 
fact that the 7r-meson unlike the //,-meson shows a strong interaction 
with nucleons. 

The mesons produced artificially in Berkeley (Gardener and Lattes 
(1948), Burfening, Gardener, Lattes (1949)) are all 7r-mesons; the few jit- 
mesons coming from the cyclotron can be well accounted for in terms 
of the 7r-ju,-decay. This shows that nucleons in high-energy collisions 
emit in the first instance Tr-mesons but not /^-mesons. 
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The strong interaction of slow 7r-mesons with nucleons is also shown 
by the fact that negative 7r-mesons brought to rest in an emulsion will as 
a rule give rise to stars. There is no definite evidence that ^-mesons ever 
produce stars, but at any rate if this process exists it is rare. (Camerini, 
Muirhead, Powell, and Ritson (1948), Gardener and Lattes (1948), 
Chang (1949).) 

Originally, when it was realized that not all negative mesons give rise 
to stars at the end of their range the term cr-meson was introduced in 
a phenomenological way, signifying all those mesons which do give rise 
to disintegrations. It is now safe to assume that cr-mesons are simply the 
negative 7r-mesons. 

The mean life of the 7r-meson for ju-decay was determined by Richard- 
son (1948) with a beam of artificial mesons as 

4~ MxlO- 8 sec. 

Qualitatively similar results were obtained with cosmic ray mesons by 
Camerini, Muirhead, Powell, and Ritson (1948). 

While there is no evidence for a /3-decay of the 7r-meson it was shown 
that the mean life of the 7r-meson against /3-decay must exceed 10~ 7 sec. 
(Burfening, Gardener, and Lattes (1949)). 

Energy-momentum relations 

704. The energy of the /x-meson arising from the 7r-/x-decay can be 
determined from the range of the /^-tracks. Inside the accuracy of 
measurement all ju,-decay tracks have the same energy and thus the 
kinetic energy of the ^-rnesori was determined to be W^ = 4-1 MEV. 
To satisfy the conservation of momentum it must be assumed that a 
recoil particle, leaving no trace in the emulsion, is also emitted in a 
direction opposite to that of the /x-meson. Writing m for the mass of 
this recoil particle, the conservation law can be written as follows: 



2 ra^c 2 = 



with cp = V(( 2m /i c2 +WpWy = 30 MEV. 

PQ is the momentum of either of the decay products, 

m/x c 2 = 100 MEV. 
Thus we find 

^ = l + 0-04+0-3V(l+m 2 /m2) > 1-34. (7) 

The experimental ratio is 



= = 1-33 . (8) 

m,, 215 v ' 
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as found by the photographic -plate method in measurement on arti- 
ficially produced mesons (Burfening, Gardener, and Lattes (1949)). 
Comparison of (7) and (8) shows 

m^ > ra . 

The most'plausible assumption is that the second decay product of the 
7r-meson iS a neutrino, and thus ra = 0. 


Decay of the /z-meson 

705. Using electron-sensitive emulsions many cases of ^-meson decay 
at the end of their range have been observed. An example showing the 
decay of a 77-meson into a //,-meson and the subsequent decay of the 
same /x-meson, emitting an electron is shown in Plate 7 a. 

The energies of electrons emitted by ^-mesons at the end of their 
trajectories have been investigated by the scattering method by the 
Bristol group (Davies, Lock, and Muirhead (1949)). These ranges corre- 
spond to a spread of energies up to about 



From this spread it is concluded that the /z-meson decays into at 
least three products. The most plausible assumption is a decay into 
an electron and two neutrinos. This result is in good agreement with 
that obtained from observations in the cloud chamber by Leighton, 
Anderson, and Seriff (1949). 

r-Meson 

706. A curious photograph shown in Plate 7 b was reported by the 
Bristol group (Brown, Camermi, Fowler, Muirhead, Powell, Ritson 
(1949)). This photograph appears to show the breaking up of an 
incident particle into three charged particles. 

One of the decay products is a 7r-meson which causes a further dis- 
integration. From energy -momentum considerations it must be con- 
cluded that the incident particle has a mass of about l,000ra c and is 
termed a r-meson. 

No similar event has been reported anywhere else. This r-meson may 
or may not be identical with a particle of similar mass observed 
by Rochester and Butler (1948) on a cloud-chamber photograph; or 
that reported by Leprince-Ringuet, L'Heritier, Richard-Foy (1945), 
Leprince-Ringuet, Tchang-Fong, Janneau, Morellet (1948). 

It is by no means settled what other kind of elementary particles 
might exist. Alichanov, Alichanjan, and Weissenberg (1948), analysing 
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range curvature data obtained at high altitudes, report the existence 
of a number of additional masses. 

Multiply -charged primaries 

707. Exposing emulsions at 100,000 ft. above sea-level Frpier, Lof- 
gren, Ney, Oppenheimer, F., Bradt, and Peters (1948) have fiound evi- 
dence for fast particles of multiple charge. These tracks are caused by 
heavy multiply-charged particles, i.e. by stripped nuclei. Most of these 
particles must be primaries, though heavy splinters are also contributing 
(Bradt and Peters (1949)). The fraction of a-particles and also heavier 
nuclei in the primary beam is not inconsiderable. Cloud-chamber photo- 
graphs at over 80,000 ft. showing tracks of heavy primaries have been 
found by Freier, Lofgren, and Oppenheimer, F. (1948). 
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357. 

pressure, 2, 4, 332, 358, 383, 385. 
Alcohol, 37, 39, 40, 48, 60. 

[cone, 281-6, 288, 313. 

"Son, 274-6, 278, 279, 298. 
Aluminium, 57. 
Amplitude, 383, 385. 
Angular momentum, 271. 

spread, 318, 321-2. 
Annihilation, 16. 

Anomalous absorption of y-rays, 60. 

scattering, 176. 
Anticoincidence, 50-4, 68, 162, 190-2, 199, 

200, 356. 

arrangement, 158, 163, 199, 356. 

counter, 155, 158-60, 162, 355. 

genuine, 159, 160, 162, 163. 

spurious, 159, 163. 
Apparent life, 22, 177, 201. 
Argon, 33, 69. 
Artificial pulses, 49. 

Asymmetry, 24, 290, 292, 296, 309-12; see 
also east-west, north-south. 

Asymptotic orbit, 273, 288, 289. 

Atmosphere, 25, 179, 193-6, 202, 213, 225, 
237, 238, 249, 266, 298, 304, 305, 309, 
314, 317, 321, 342, 344, 345, 357, 362. 

Atmospheric transition, 236-42, 302. 

Atomic electrons, 91, 92. 

radius, 01. 
Aurora borealis, 25. 
0-activity, 76, 113, 119. 
j8-decay, 20, 119, 120, 122, 189. 
j8-particle, 14, 120, 189. 
Balloon, 2, 24, 235, 292-4, 296. 
Banded spectrum, 26. 

Barometer effect, 4, 194-6, 332, 340, 367, 

358, 383. 

Bayes's theorem, 373, 374. 
Be 7 , 189. 



Bessel function, 369. 

Bethe-Heitler theory, 17, 18, 160, 161. 

Bias, 65, 67-8, 328. 

Binding force, 91, 92. 

Bloch formula, 126, 136, 200. 

Bohr radius, 93, 99. 

Boron, 73, 74, 164. 

Bound electron, 92. 

Boundary, 273, 276-8, 285, 289. 

condition, 223. 

Bounded orbit, 274-5, 278, 285. 
Breadth of track, 61, 69. 
Breakdown, 18, 113, 189, 190. 
Burst, 11, 12, 30, 34-6, 227, 228, 237, 255- 
6, 259-63, 329, 342, 343. 

coincidence, 329, 342, 343. 

chamber, 254-6. 
Camera, 58, 59, 62. 
Canonical coordinates, 266. 
Capture, 22, 152, 192. 
Carbon, 197. 

arc, 62. 

j^jgcade computations, 391. 

maximum, 220, 221. 

shower, 17, 28-9, 145, 202-4, 211, 213, 
224, 230, 241-4, 249-55, 259-65, 302- 
4, 314, 315, 318-26, 329, 330, 340-3, 
346, 347, 349-53, 365, 392. 

theory, 202-5, 238, 240, 258, 302, 330, 
r^SS, 391-411. 

unit, 205, 235, 237, 245, 264, 314-15, 

319, 323, 331, 342, 349-51, 355, 391, 

410. 

Catastrophic absorption, 137. 
Cathode follower, 412-15. 
Cauchy's theorem, 215. 
Cenco counter, 43. 
Centre of gravity, 103, 216. 

magnetic, 292, 297, 306. 
Characteristic impedance, 413. 
Charged particle, 14, 15, 141, 297. 
Circular orbit, 273, 286. 

Classical, 100, 101, 105, 107, 109-11, 122. 
Cloud chamber, 7, 8, 13, 20, 27-8, 56-73, 
141, 152, 328-30, 334. 

photograph, 10, 13, 28, 59, 62, 173, 185, 

187, 189, 227, 254, 328-30, 333, 347-8, 
360. 

Coincidence, 7, 9, 10, 46-56, 153-9, 165-8, 
227-9, 255-7, 264, 293, 320-32, 338-9, 
346, 349, 350. 

experiment, 7, 154. 
Collecting area, 329. 

electrode, 30, 31, 34. 



SUBJECT INDEX 



449 



Collecting time, 35. 

Collision, 75 ff. : see also elastic, inelastic. 

close, 95, 109, 130. 
'distant, 91, 93, 95-7, 107. 

parameter, see impact parameter. 

radiation, 112, 113, 133, 144. 
Complexjntegral, 213, 391. 
Composition, 167. 

Compton Effect, 87. 
- electron, 153. 

meter, 33, J?4. 

^battering, 318, 319. 
Condensation nucleus, 56-8. 
Conservation, 88, 89, 120, 189, 190. 
Continuous recording, 30, 34. 
Convection current, 70. 
Coordinate system, 76. 

Core of shower, 340, 341, 359. 
Correlation, 194-6, 385-90. 
Coulomb, field, 79, 99, 105, 108, 109. 

interaction, 100-2, 175. 

scattering, 71, 72, 150, 175, 318. 
Counter control, 9, 60, 61, 64-8, 348. 

telescope, 64, 293, 296, 312. 
Creation of particles, 88. 

Critical energy, 205, 222, 242, 264, 340. 
Cross -section for energy loss, 90. 

for scattering, 90, 123-5, 130, 131, 176. 
--frfor shower production, 231, 232, 347. 
Eurvature, 13, 15, 68-72, 142-4, 150, 174, 

185, 314. 

measurement, 69, 70. 

spurious, 71, 72, 150. 

Cut^ 26, 237, 242, 299, 302; see also 

latitude cut-off. 
Cylindrical coordinates, 271. 
J-rays, 418, 421. 
Dead time, 38, 41, 42, 53, 408. 
Decay, 21, 68, 120, 136, 152, 177-201, 245, 
* 248, 249, 304. 

0-, 424. 

electron, 21, 182-92, 202, 237, 243-52, 

259-62, 304, 315, 342, 362. 

fj, -meson, 425. 

probability, 180-2, 197, 243. 

TT-/X, 185, 423-45. 

spectrum, 248-51, 261, 414. 
Delayed, 48, 56, 62, 66, 153, 190-2. 
Density distribution, 324-6, 329, 333, 338, 

397. 

of particles, 267, 324, 328, 329, 333-41. 
Depth-ionization, 166, 305. 

Deuteron, 118. 
Diatomic, ^59. 
Differential analyser, 285. 

equation, 210, 211. 
Diffusion coefficient, 61, 66. 

equation, 207, 208, 211. 

3595.40 r 



Dipole, 24, 266, 270, 271, 273, 276, 292, 
297, 301. 

interaction, 121. 

moment, 270, 275, 297. 
Dirac's theory, 13, 15, 16. 
Directional distribution, 4-6, 292. 
Discovery of cosmic radiation, 1. 

of meson, 1 14, 344. 

of positive electrons, 15, 144. 
Discriminator, 51, 53. 
Distortion, 60, 70-3. 
Distribution of error, 151. 
Divergency, 76. 

Doppler effect, 80, 184, 270. 
Drop of temperature, 59. 
Droplet, 56, 57, 59. 
Dry battery, 166. 

East-west asymmetry, 24, 290, 292, 295, 
296, 308-16. 

direction, 276, 278, 312. 
Eccentricity, 306. 
Ecliptic, 301. 

Kffeotivo charge, 421. 
Efficiency, 41, 42, 74, 255. 
Elastic collision, 82, 83, 101, 150. 

scattering ; see Coulomb scattering. 
Electromagnetic, 75, 76, 78, 110, 266. 
Electrometer, 30-4. 

valve, 35. 

Electron, 12, 14-18, 75, 91, 92, 141-6, 149, 
174, 182, 202-7, 217, 218, 221, 225, 
236, 242, 248-55, 258, 298, 312-16, 
318-23, 330, 340-2, 349, 351, 357, 360, 
365, 391, 392, 394, 396, 399, 400, 404. 

pair, 10, 15-17, 88, 135, 136, 145, 156, 

162, 203, 204, 207. 

secondary, 84, 129, 130, 202, 245, 254, 

347. 

spectrum, 25, 170, 249, 251, 258, 302, 

343. 

track length, 214. 
Electronic circuits, 408. 
Electro -negative, 42. 
Electroscope, 1, 36. 
Ellipse, 389, 390. 
Elliptic integral, 272. 

Emission, 16, 17, 125, 126, 133, 134, 145, 

184, 188, 202, 205-8, 344. 
Emulsion, electron sensitive, 414, 418, 423, 

425. 

nuclear, 414. 

photographic, 150, 415, 416. 
Energy, 16, 17, 28, 78. 

flow, 81, 82, 214, 238, 240, 298-300, 305, 

307, 316, 351. 

loss, 7, 18, 91-4, 107, 109, 113, 146, 156. 

range relation, 150, 419-21. 

spectrum, 8, 250, 261, 302, 340. 
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Energy transfer, 83-5, 87, 90, 106, 107, 112, 

243, 245, 306, 317. 
Equation of motion, 266, 267, 285. 
Equator, 283, 286, 297, 298, 301, 307. 
Equatorial belt, 281, 308. 

plane, 272-4, 278. 
Equilateral triangle, 329. 
Equilibrium, 243, 246. 
Error integral, 371. 
Exchange, 117. 
Excitation, 106. 
Expansion, 56-66, 70, 153. 

ratio, 56-9, 61, 63. 
Explosion, 28. 

Exponent, 173,217, 247, 259, 260, 343,362. 
Exponential, 5, 137, 332. 
ExJ/^ngive air showers, 28, 29, 49, 68, 242, 
318, 326-43, 355, 360, 362, 404-5. 

penetrating showers ; see penetrating, 

extensive. 

Extra-terrestrial, 1-3. 
Extreme relativistic, 78, 84, 85. 
Family, 286, 389, 390, 392. 
Fast counter, 43. 

meson, 151, 188, 192, 247. 

neutron, 164. 

proton, 148, 149. 
Fine structure, 290. 
Finite nucleus, 99, 131. 
Flip-flop, 408, 410. 

Fluctuation, 35, 36, 204, 223, 224, 296, 341, 
366, 378-89, 399. 

of cascades, 405. 

of energy loss, 137, 174, 364, 377. 
Forbidden, 25, 269, 273-84, 289. 

cone, 25, 282, 308. 
Fourier component, 110, 125. 
J^-region, 289. 

Fringe, 325, 340. 

r-distribution, 372, 373, 378. 

/-rays, 1-3, 7, 153. 

Galactic rotation, 270. 

Gas flow, 63. 

Gas-filled relay (thyratron), 42-6, 52, 54, 

411. 

Gate valves, 411-12. 
Gaussian, 95, 138, 164, 175, 176, 324, 369- 

73, 375, 377, 378. 

Geiger-Miiller counter, 5, 7, 36-46, 153. 
Generating function, 367-9, 371. 
Geographical latitude, 290. 
Geomagnetic coordinates, 25, 297. 

effect, 25-6, 266-317, 338, 343, 344, 

362. 

equator, 23, 24, 266, 290, 292, 307, 311. 

latitude, 23, 24, 276, 280, 290, 293, 296, 

298-300, 308, 309, 315-17. 

longitude, 24, 276, 292, 306, 307. 



Geomagnetic pole, 23, 29, 302. 

Geometrical cross-section, 363, 364. 

Gold, 154, 174. 

Grain density, 414-18, 421. 

Gravitation, 120. 

Gross transformation, 139, 166. 

Group velocity, 116. 

Guard ring, 31. 

Half-life, 20-2, 56, 120, 165, 17/, 190, 192, 
201, 362. 

Hamiltonian, 266, 267. 

Hard component, 11, 17, 26, 28, 173, 197, 
198, 225-7, 237, 254, 260, 304, 305, 
309, 311-13, 316, 317. 344, 361. 

valve, 45. 
Harmonic force, 92. 
H-atom, 106. 
Heavily ionized, 19. 

ionizing, 10, 348. 
Heavy primaries, 426 

Height of production, 27, 181, 195, 197, 

344, 345. 
Height-intensity, 24, 197, 226, 235, 237-9, 

261, 293-5, 298, 302, 307, 315, 330-2. 
Height-ionization, 2, 4, 240, 293, 298, 300. 
Hemisphere, 282, 293, 297. 
High altitude, 12, 24, 27, 157, 202, 290, 

292-6, 302-4, 311-14, 316, 346, 364. 

latitude, 266, 290, 302, 316. 

pressure cloud chamber, 20, 72, 187. 

speed recorder, 43. 
History, 319. 

Hole, 13, 16. 

Homogeneous, 178, 179, 194, 319, 321. 

Hydrogen counter, 37, 39. 

Hyperbola, 273, 274. 

Ice, 4. 

Illumination, 62, 63. 

Impact parameter, 88, 89, 92, 95, 96, 100, 

101, 108. 

Inclined direction, 181, 182, 337. 
Inefficiency, 42, 159. 

Inelastic collision, 16, 87, 88, 106, 126, 202. 
Inhomogeneity, 321. 
Initial condition, 212, 213, 285. 
Inner periodic orbit, 286. 
Instability, 13, 20, 21, 119, 194, 306, 309. 
Integrating circuit, 43. 
Inverse distribution, 374. 
Ion, 1, 35-42, 57-61. 
Ion condensation limit, 59. 
Ionic current, 301. 
lomzation, 1-3, 5, 19, 31, 32, 38, 106, 129, 

136, 143, 144, 146, 150, 15f, 153, 238, 

243, 298. 

chamber, 3, 5, 23, 30-6, 165, 227, 259, 

329 * 

density, 13-15, 19, 28, 142-6, 153, 174. 
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lonization loss, 7, 129, 148, 173, 202, 211, 
222, 22?, 305, 314, 315, 317, 323, 324, 
391, 401, 404. 

primary, 66, 72, 73, 129. 
lonization momentum relation, 152, 153. 
Ionizing particles, 7, 13, 59, 153-8, 168, 

355.^ 

primaries, 356, 357, 363, 364. 

secondaries, 154, 156, 158, 160, 162, 

345. 

Iron, 8, 200. 
Isotiopic, 269. 
Kinetic energy, 77, 78, 84. 
Klein-Nishina formula, 111, lU&r^C 133. 
Knock-on, 85, 243, 245-50, 252, 260, 262, 

347, 349, 350, 352, 353. 

spectrum, 248, 251, 252. 
Laplace -Poisson equation, 114. 
Laplace transfofln, 208-10, 214, 217, 222, 

371-3. 
Large-angle scattering, 95, 96, 105, 131, 

175, 176. 
Lateral spjcead, 318, 319, 321-3, 327, 333, 



Latitude, 276, 277 ; see also geomagnetic, 
latitude. 

cut-off, 24, 293, 300, 306, 313. 

effect, 23-6, 266, 289-93, 297-306, 308- 

11, 313, 362. 

insensitive, 26, 304. 

sensitive, 301, 305, 316. 
Lens, 70, 71. 

llight source, 58, 59, 62. 
Limiting latitude, 280, 281. 

momentum, 280, 281, 307, 309, 312. 
Line of force, 282. 

Linear amplifier, 35. 

displacement, 96, 97. 
Liouville's theorem, 267-9. 
Local, 342, 355, 357, 359, 360. 
Logarithmic increase, 142, 145, 153. 
Longitude, 276; see also geomagnetic; 

longitude. 

effect, 289, 292, 293, 295, 307, 311. 
Longitudinal meson, 116. 
" J ^roeuf, 215. 

Lorlntz contraction, 77, 110. 

force, 266. 

- transformation, 80, 82, 113, 182, 184. 
Low energy photons, 404. 
Magnetic centre ; see centre. 

curvature ; see, curvature. 

deflexion, 418-19. 

field, 7,'8, 15, 68, 70-2, 192. 
-- of a dipole, 25. 

-- of the earth, 17, 22, 24, 266, 275, 289, 

J 290, 292, 297, 314. 
-- of the sun, 26, 270, 301, 313. 



Main cone, 283, 288, 289. 

Mass determination, 15, 84, 144, 150, 419, 

421-2. 

Mass-proportional, 168, 192, 233. 
Master pulse, 55, 56, 190, 411, 413. 
Maximum (of transition effect), 226, 229, 

230, 237, 254, 265, 302, 303, 332. 

detectable momentum, 72. 

transferable energy, 85, 91, 94, 245, 247. 
Mean life ; see half-life. 

square deviation, 368, 373. 

displacement, 131, 224, 319, 321. 

Mechanical recorder, 35, 36, 42, 43. 

Melhn transform, 208-10, 213, 215. 

Memory circuit, 45. 

Mercury vapour, 62. 

Meridian plane, 271, 272, 277. 

Meson, 12, 13, 18-22, 26-9, 56, 75, 76, 4 
113-31, 136, 141-3, 145-53, 162, 169- 
70, 177-201, 237, 243-52, 262, 263, 
303-9, 315, 317, 330, 344-65. 

artificially produced, 423, 425. 

component, 26, 143, 202, 203, 303, 344- 

65. 

field, 75, 76, 114-18, 121, 125. 

mass, 20, 116, 117, 120, 149-51, 190. 

mean life of the TT-, 424. 

spectrum, 18, 169, 170, 173, 249, 262, 

362. 

spin, 118, 119, 122, 237, 252, 262, 263, 

361. 

/*-, 13, 19, 20, 21, 22, 112, 114, 119, 120, 
123, 151, 173, 185, 201, 263, 423-5. 

TT-, 13, 20, 76, 112, 114, 119, 120, 123, 

151, 185, 201, 263. 

a-, 414, 423-5. 

-- T-, 425. See also vector, longitudinal, 

neutral meson. 
Meteorology, 196. 

Minimum of ionization, 142, 144, 145, 153. 
Molecular aggregates, 57. 
Moller-Rosenfeld theory, 122, 165, 176, 

263, 360. 
Momentum, 23, 26, 77, 78, 82, 83, 150, 155, 

182, 189. 

loss, 8, 18, 85, 173, 174, 179, 188. 

measurement, 70-2, 156. 

spectrum, 8, 67, 155, 169-73. 

transfer, 86, 89, 103, 107. 
Monatomic, 32, 59, 60. 
Mountain lakes, 4. 
Multiple charge, 426. 

correlation, 388-90. 

scattering, 95, 96. 

Multiply -charged particles, 14, 94, 418. 

Multivibrator, 40. 

/z-decay; see decay. 

Negative electron, 13, 141, 255, 312, 316. 
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Negative energy, 15, 16. 

proton, 19. 

Neher-Harper circuit, 39, 40, 408. 
Neon indicator, 55, 56, 348, 350, 412-13. 
Neutral meson, 117, 118, 121, 141, 165, 

192, 360, 361. 

Neutretto, see neutral meson. 
Neutrino, 13, 20, 119, 120, 141, 164, 182, 

189, 190, 238, 244, 425. 
Neutron, 29, 73-5, 117, 141, 148, 162, 164, 

343. 

Non-Coulomb force, 100. 
Non-ionizing, 7, 10, 51, 153-65, 355-9. 

primaries, 156, 157, 345, 346, 356, 357, 

363, 364. 
Non-ohmic, 39. 
Non-re-entrant, 288. 
Normal, 377-82, 384-6, 388. 
North-south asymmetry, 25, 281, 282, 290, 

308, 313. 
Nuclear disintegration, 10, 28, 74. 

forces, 423. 

radius. 113. 

Nucleon, 20, 75, 76, 113, 120, 176, 192, 344, 

361-4. 
Nucleus, 102, 103, 108, 347. 

geometrical cross -section of, 423. 
Null method, 69. 

Numerical integration, 285. 
One -dimensional, 318. 
Orbit, 269, 271-7, 285, 289. 
Organic vapour, 37, 40. 
Origin, 22, 26, 27, 202, 242, 344 ff. 
Oscillating orbit, 274, 287. 
Outer periodic orbit, 286, 288. 
Parabola, 385. 
Paraffin, 346, 347. 
Parameter, 220, 257, 277, 335, 392. 
Parent, 319, 320, 322. 

Penetrating component; see hard com- 
ponent. 

extensive showers, 330, 342, 343, 355, 

359, 360, 365. 

non-ionizing rays, 162, 163, 168, 358. 
- particles, 17-19, 149, 168, 225, 230, 317, 

330, 348, 350, 360, 363. 

radiation, 1, 2. 

showers, 27-9, 68, 149, 342, 347-59, 

363, 414, 423. 
Pentagon,t232. 

Penumbra, 283, 284, 289, 292. 
Periodic orbit, 273-5, 286, 288. 
Phase velocity, 116. 
Photo cell, 39, 296. 
Photo-electric effect, 131, 132. 
Photographic plate, 27, 414r-16, 418, 422-3. 
Photon, 10, 15-17, 40, 75, 87, 88, 131-7, 

156, 160-2, 185, 202-4, 206, 207, 213, 



217, 218, 221, 236, 318-20, 340, 346, 
355, 357, 365, 391, 39p, 394, 396, 
402-4. 

Piston, 58, 66, 70, 71. 

Plateau, 36, 37. 

Plural scattering, 95. 

Point counter, 36, 73. 

nucleus, 99. 

Poisson distribution, 224, See-'Q, 374, 377, 

399, 406. 

Polya distribution, 224, 399, 405. 
Polyatomic, 59. 
Porous diaphragm, 62. 
Positive electron, J3-16, 141, 144,255,312, 

314, 316. 

excess, 8, 143. 

-- primaries, 308, 311, 312, 314, 316, 317. 
Power, 8, 11, 25, 166, 217, 235, 237, 249, 

255, 329, 343, 360. 
Pre-expansion track, 63. 
Pressure -change apparatus, 63. 
primary (cosmic ray), 23, 26, 181, 182, 196, 
\ 240, 266, 289, 297, 298, 305-17, 319, 

344-6, 356. 
--electrons, 17, 202, 236, 237, 247, 261, 

262, 302-4, 315, 392. 
-- energy, 169, 241, 242, 316, 333-5, 341, 

349, 361. 

j protons, 27. 308, 315, 316, 344, 363. 
^- soft component, 227, 237, 304, 312, 313. 
V- spectrum, 213, 236-42, 261, 262, 299- 

301, 315, 316, 334, 362. 
principal periodic orbits, 286. 
$Msm, 69. 

Probability, 366, 369-74, 378, 389, 400. 
Production of electron pairs, 16, 17, 88, 

135, 136, 145, 162, 204, 206, 207. 

of mesons, 27, 28, 125, 126, 147, 148, 

162, 344-8, 360-4. 
- of secondaries, 94, 129, 130, 245. 

of showers, 18, 161, 231, 233, 346, 354, 

355. 

Projected, 90, 97, 175. 
Proper life, 22, 177, 201. 
Proportional counter, 73, 74. 
Proton, 13, 16, 19, 25, 73-5, 117, 136, 147, 

142, 145-9, 153, 174, 298, 308, 313, 

315, 316, 330, 344, 363, 423. 
Pseudo-scalar, 119, 121, 122, 360, 361. 
Pseudo- vector, 119. 

Pulse shaping circuit, 410-11. 
Quadripole moment, 121. 
Quantum theory, 101, 107, 116, 125. 
Quenching, 36, 39, 40. ' 

(^-potential, 272, 277, 286. 
Radiation damping, 76, 124, 125, 176, 360. 
Radiative collisions, 108, 113, 133-6, 
6, 174, 202-5, 222, 262, 319. 
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Radio chlorine, 189. 
Radioactivity of the ground, 3. 
Radius of curvature, 69, 71. 

of earth, 297, 307. 

Random, 8, 10, 48, 64, 65, 67, 191, 368. 
Range, 6, 147 % 154, 18 J, 232, 416. 

of electrons, 162, 203, 245. 

of mesons, 127, 128, 177-80. 
Range-momentum relation, 127, 150, 172, 

173, 178, 179, 185. 
Recoil, 83-9, 9$, 120, 150. 
Recombination, 32. 
Recovery time, 38, 39, 41, 42. 
He-entrant, 288, 289. 
Regression coefficient, 340, 383, 384, 388, 

389. 

Relativistic mass, 77, 266, 267. 
Resetting time, 43, 68. 
Residual lonization, 4. 
Residuum, 216, 217. 
Resolving time, 47-9, 6 1 , 62. 
Rest-energy, 77, 84, 85. 
Rest-mass,* 9, 14, 18, 19, 77, 88, 143, 144, 

149, 266. 

Rest-system, 79, 81, 82, 108, 109, 113. 
Rossi circuit, 46-50, 53, 54, 410-11. 

transition, 10, 229, 233, 234, 26.S. 
Run-away electron, 7. 
Rutherford formula, 102-6. 
Saddle-point, 219-21, 258, 325, 334, 391, 

399. 
Saturation, 230. 

voltage, 32, 33. 
Scalar theory, 118. 
Scale -of- two, 44, 45. 
Scaling, 43-5. 
Scanning, 415. 

Scattering, 90, 98, 122, 130, 131, 157, 159, 
175, 176, 229, 254, 319, 320, 323, 418- 
19, 421. 

angle, 82-5, 94-100, 104, 175, 176, 314, 

319. 

Screening, 98, 99, 112, 205, 206. 
Sea-level, 2, 5, 26, 141, 163, 193, 242, 246, 

250, 290, 304-7, 325, 337, 341, 348, 

363, 364. 

Second maximum, 11, 229. 
Secondary, 3, 10, 17, 153, 204, 229, 254, 

306, 346. 

electron, 17, 38, 40, 84, 145, 342, 347, 

393. 

soft component, 12, 227, 237. 
Secular, 381, 387, 388. 
Self-recorcHng, 54-6, 348, 411. 
Self-reversing orbit, 286. 
Semi-classical, 18. 

Sensitive time, 60, 61, 65. 
Shadow, 25, 279, 281-6, 289. 



Shielding ; see screening. 
Short range, 20, 75, 106, 115, 176. 
Short-lived meson, 201, 263, 361. 
Shower, 8-12, 18, 27-30, 49, 54, 67, 156-8, 
227-37, 254-62, 346-60. 

intensity, 12, 234-6, 261. 

- particles, 14, 15, 232, 233, 330. 
Significant, 366, 376, 377, 385, 386. 
Simple strain, 60. 

shadow cone, 283, 284, 289. 
Singly -charged, 142, 298. 
Singularity, 209, 216-18. 

Size distribution, 11, 227, 228, 237, 255, 

258, 259, 263. 
Slope, 231, 264. 
Slow counter, 42. 

meson, 19, 20, 68,71, 149, 151, 152,179, 

181, 245, 247. 

neutrons, 73, 74, 163, 164. 

particles, 28, 73, 147, 185. 

protons, 19, 146. 

Soft component, 11, 12, 17, 202-65, 302-5, 
311-17, 362, 365. 

Solenoid, 8. 

Solid earth, 279, 281, 285, 287. 

Source, 270. 

Space charge, 38, 40. 

Specific heat, 61. 

Spectrum; see electron, meson, momen- 
tum, etc. 

Spin, 94, 114, 120, 130, 131. 

of the meson, 118, 122, 131, 237, 245, 

252, 262, 263, 360, 361. 
Spiral, 273. 
Split cathode, 40. 
Spontaneous, 177. 
Spread of discharge, 40. 
S-stato, 118, 121. 
Standard deviation, 36, 371, 375, 385, 386, 

388-9. 

Star, 28, 74, 422-4. 
Starting potential, 36, 39. 
Stationary, 101. 

Statistical, 35, 36, 203, 296, 366-90. 
Statistics, 366. 
Step function, 324, 339. 

Stochastic, 204. 
tokes's law, 70. 
tormer cone, 276-85, 299-313. 
- theory, 25. 
- unit, 270, 289, 297. 
traggling, 138, 416. 
^trong coupling, 124. 
Supersaturation, 56, 58-61. 
Suppressor grid, 45. 
Survey, 23-5, 293. 
Systematic, 377, 380-2. 
Tail, 229, 230, 233-5, 325. 
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Temperature effect, 21, 27, 194-7, 333, 

344. 

Terrestrial, 2. 
Tertiaries, 315. 
Thermal conductivity, 61. 
Thinly ionized, 144, 149. 
Thomson cross-section, 111, 122, 132. 
Thunder cloud, 7. 
Thyratron; see gas-filled relay 
Time constant, 410. 

contraction, 22, 177, 201. 

of collection, 36. 

of collision, 92, 107, 109. 

Track, 19, 28, 57-66, 70-4, 254, 328. 

Trajectory, 284, 285. 

Transition, 3, 4, 10, 11, 27, 168, 229-31, 

233, 234, 263-5, 303, 328, 353, 354, 

357, 358, 364. 

Transverse meson, 122, 361, 362. 
Triangular, 227, 228, 232, 255. 
Trigger(ing), 61, 64, 152, 187. 
Triple knock-on, 352. 



Tungsten filament, 62. 

Turbulent, 70. 

Ultra y-rays, 6, 7. 

Ultra rays, 7. 

Unbounded orbit, 274, 275. 

Uncertainty, 100, 109, 111. < 

Underground, 5, 167, 247, 347. 

intensity, 12, 165, 167, 227, 235, 23. 
Upper limit, 144, 146, 149, 283. 
Uranium, 33. 

Validity, 76, 161, 238. 

Vector meson, 118, 122, 263, 360. 

potential, 78, 266. 
Virtual meson, 123. 
Volume change apparatus, 63. 
Water vapour, 56, 57, 60, 66. 
Wave packet, 109, 112, 116. 
Wavelength, 80, 81. 

Width of track ; we breadth of track. 
Yukawa's theory, 13, 20, 76, 113, 114. 
Zero current, 5. " 
- measure, 285. 





PLATE 1 



a. Diffused track 
(photograph, W. K. Ha/erO 



6. Penetrating particle 
(J. G. Wilson) 





c. Meson and secondary electron 
in a magnetic field (J. G. Wilson) 



d. Electron shower (J. G. Wilson) 



PLATE 2 




a. Decaying meson (K. J. Williams and 
Koborts, 194U) 



b, End of the track of decaying meson, 
enlarged from Fig. a 




c. Decaying meson (Shutt, Benedetti, and 
Johnson, 1942) 



f/, Slow meson (Neddormeyer and 
Anderson, 1942) 




a. Electron pair produced by photon HI the 
gan of the chamber (Anderson) 




6. Shower (P. M. 8. 131ackott ami 
G. L. S. Occhialim) 



e. Knock-on shower (?) (Shutt, 1946) 

" " ~ ~ 
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d. Cascade shower produced by electron 
(Anderson) 



/. Cascade shower (Anderson) 




r. Cascade shower passing through 
eight metal platos (Hazen) 






h. Extensive air shower 
(Wilson and Lovell) 



</ Shower (Fuasel) 
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PLATE 9 




* Cloud chamber photographs of large shower passing througH'&xteto HHCcessivetead 'plates 

(W. 13. Jfrotter) 



PLATE 10 



\ 





Microphotograph of nuclear explosion. Top right corner shows the explosion in detail. 
Main picture shows a fast particle emitted in the main process giving Jrise to a secon- 
dary star 
(Cosyns, Bonetti, Dillworth, Occhialirii, and Schonberg (personal communication) ) 



